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Abstract. The last 1000 years of eruptive activity at the Fossa cone (Island of Vulcano, southern 
Italy)
Federico Di Traglia
Mauro Rosi (Advisor)
Costanza Bonadonna (co-advisor)
The last 1000 years of eruptive activity of the Fossa cone have been characterised by a wide 
spectrum of eruptive styles, from mafic ash eruptions (violent Strombolian), to sub-Plianian, to 
effussive, to steam-blast explosions and eruptions related to the ascent of viscous plug, as 
Vulcanian explosions.
Tephra and lava sequences on the cone-flanks have covered almost completely the older products, 
forming an “onion-like” structures of this small composite cone. 
Given the nature of the eruptions of the Fossa cone, being mainly of small- to medium intensity, 
the importance of the ring plain, as a record of the chronostratigraphy of volcanic and sedimentary 
activity is crucial to a correct reconstruction of the evolution of the Fossa cone.
In general, the first activities of the investigated period (XIII sec.), namely Palizzi eruption (Chapter 
3), were characterised by frequent eruptions of small intensity (mafic ash eruptions, sensu Ono 
1995) as reported by historical accounts (De Fiore 1922). These eruptions have been spaced by rest 
period, during which erosion occurred, producing a re-distribution of the volcanic material from 
the cone to the neighbouring areas. The mafic ash eruptions were punctuated by two more 
violent, sub-Plinian, eruptions affecting a wide area of the Island of Vulcano with a large volume 
(3.75x106-6.40x106 m3 and 3.65x106-3.67x106 m3 for the first and the second, respectivelly) of 
tephra fall deposits.
After the second sub-Plinian eruption, a phase of effusive eruptions occurred, signing the end of 
this period characterised by magmatic activity only.
The  style  of  the  eruptions  drastically  changed  and  a  large,  probably  long-lasting,  steam-blast 
eruption, called Commenda eruption (Chapter 4), occurred, ejecting ballistic blocks in a large range 
(at least 2.2 km from the summit crater area) and producing wide-spread PDCs (>4x105 m3) and 
non-juvenile ash emission (>1x107 m3 m3). The climactic phase of the eruption consumed a large 
quantity  of  energy  (3,75X1012J),  forming  the  current  crater  and  ejecting  lithic  material  with  a 
overpressure of ~2 MPa.
This eruption took place simultaneously with the Mt. Pilato-Roche Rosse rhyolitic eruption in the 
Island of Lipari, triggered by a mafic injection. The Commenda eruption was driven by the sudden 
uprising of a large amount of magmatic gas (2,8x106 m3), produced by a degassing shoshonitic melt 
(~10-1 km3).
After a rest period (at least one century, based on the analysis of the historical chronicles), the  
activity renewed (Chapter 5) in the AD1444 with a second, high-energetic (1.25x1013 kJ) steam-
blast eruption (Forgia 1), that occurred eccentrically with respect to the summit crater area of the 
Fossa cone, in its northern flank and affecting an area currently occupied by the Vulcano Porto 
town. This eruption “opened” a new stage of the activity of the Fossa cone, characterised by the 
ascent of viscous plugs of magma that powered at least 8 discrete eruption lasted from days to 
years.  These eruptions  were mainly Vulcanian in styles,  including the first  described Vulcanian 
eruption (AD1888-1890), but frequent steam-blast explosions occurred, generally before the onset 
of the main magmatic phase. One effusive phase characterised the long-lasting, complex eruption 
that occurred on AD1731-39. The erupted volume ranged between 106 and 107 m3, affecting an 
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wide area that comprised at least the northern Sicilian coast and probably reached the Mt. Etna 
(De Fiore et al 1922), more or less 70 km far from the island.
Comparing the pre- and post-AD1888-90 topography of the summit crater area, a minimum value 
(16.5x106 m3) of deposited material was produced. This volume approximately corresponds the 
88% of the associated tephra volume (18.5x106 m3  calculated by the methods of Bonadonna and 
Houghton 2005), confirming the evidence of high-deposited volume in the in the summit crater 
area during these stage of eruptions. During this eruptive crise, the summit crater area of the 
volcano growth at an average rate of 0,34 m3s-1 in a period of ~20 months. This value is something 
less but in the same order of magnitude of the rate of cone grew evaluated for the AD1986 
eruption at Izu-Oshima (Sumner 1998) and the AD1954 eruption at Ngaurouhoe (Hobden 2002) 
volcanoes, while is one order of magnitude greater than the value calculated for the AD1783 
eruption of the Asama volcano (Yasui and Koiaguchi 2004).
The data on emitted tephra volumes during the investigated period suggested that the Fossa cone 
experienced eruptions ranging bewteen 2 and 3 in the VEI classification (Volcanic Explosivity Index, 
Newhall  and Self  1982),  without  a  clear  evidence of  waning.  These data are  useful  for  future 
“short-term” hazard evaluations for the Island of Vulcano, that need to consider an eruption of VEI 
3 as the most likely scenario (Chapter 6).
Diluted PDCs and ballistic showers have been considered so far as the most recurrent hazardous 
events  of  La  Fossa  volcano  (e.g.  Dellino  et  al.  2010).  Nonetheless,  this  work  suggests  that 
widespread and long-lasting fallout events as well as lahars represent a frequent phenomenon 
and, therefore, fundamental processes to be considered for a comprehensive hazard assessment of 
the island of Vulcano.
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1. Geodynamic setting and geological background of the Island of Vulcano
1.1 Aeolian Archipelago
The Aeolian archipelago is composed by 7 islands and several sea-mounts and it represents the 
emerged portion of an extended ring-shaped submarine volcanic complex rising from 1–1.5 km 
b.s.l. and emplaced on a 15- to 20-km-thick continental crust (Fig 1. 1a; Barberi et al 1994). From 
the structural/volcanological point of view, the archipelago can be divided into three main sectors: 
(1)  a  western  sector  (Alicudi  and  Filicudi  islands)  dominated  by  NW–SE  oriented  tectonic  
lineaments; (2) a central sector (Salina, Lipari and Vulcano islands) aligned along the NNW–SSE 
tectonic  trend;  and  (3)  an  eastern  sector  (Panarea  and  Stromboli  islands)  characterized  by 
prevailing NE–SW oriented tectonic lineaments (De Astis et al 2003).
The geomorphological features of the Aeolian Islands, as well as the distribution of the volcanic 
vents, are strongly controlled by the local tectonic structures (Favalli et al 2005). In particular, the  
WNW-ESE, NNW-SSE and NE-SW faults control the emplacement of the volcanoes in the western, 
central and eastern sectors, respectively and the main tectonic structure of the South Tyrrhenian 
Sea, the Tindari-Letojanni fault system, is clearly visible in the submarine portion of the central  
sector of the Aeolian archipelago (Favalli et al 2005).
The Aeolian volcanic  arc  displays  a  wide range of  magmatic  products.  Mafic  lavas  range from 
hypersthene normative calc-alkaline basalts to silica-undersaturated potassic absarokites, although 
the former are spatially and temporally dominant, consistent with the subduction-zone tectonic 
setting (Keller 1974, Ellam et al 1988, De Astis et al 2000).
1.2 Central sector of the Aeolian Islands
In the central sector (Salina-Lipari-Vulcano, Fig 1. 1b), the volcanism started at 0.4 Ma at Salina 
(Gillot 1987) and is still active at Lipari (ADXIII sec, Arrighi et al 2006) and Vulcano (AD1888– 1890, 
Mercalli and Silvestri 1891). Structural analyses have shown that this sector has developed along a  
graben-like structure, oriented orthogonally to the arc (Ventura 1994). The most developed system 
of  discontinuity  affecting the graben-like basin  consists  of  NW–SE to NNW–SSE-trending faults 
(Ventura 1994). Most of these faults are arranged with an en echelon configuration along two main 
branches bordering the western and eastern flanks of Vulcano and cutting the south-western flank 
of Lipari  while the area between the two main right-hand- stepping, involving both the southern 
part of Lipari and the northern sector of Vulcano, defines a pull-apart basin bounded by N–S to  
NNE–SSW trending faults (Ventura 1994, Ventura et al 1999). All these features are related to the 
Tindari Fault System lineament (Ghisetti and Vezzani, 1982; Barberi  et al., 1994; Ventura  et al., 
1999) representing a system of lithospheric faults, with right-lateral strike-slip movements.
The Tindari Fault System is a regional zone of brittle deformation located at the transition between 
ongoing contractional and extensional crustal compartments and lying above the western edge of 
a  narrow subducting slab (Billi  et  al  2006).This  zone of  deformation consists  of  a  broad NNW 
trending system of faults including sets of right-lateral, left-lateral, and extensional faults as well as  
early strike-slip faults reworked under late extension and earthquakes and other neo-tectonic data 
provide evidence that the Tindari Fault System is still active in the central and northern sectors and 
mostly accommodates extensional or right-lateral transtensional displacements on a diffuse array 
of faults (Billi et al 2006).
1.3 Lipari-Vulcano Volcanic Complex (LVVC)
Together  with  Salina,  the  islands  of  Lipari  and  Vulcano  form  a  NNW-SSE  alignment  which  is 
orthogonal to the volcanic arc (Fig 1. 1c; Ventura et al 1999). 
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The occurrence of volcanic activity associated to a normal strike–slip tectonic regime, together 
with a local mantle upheaval, a reduced thickness of the Calabrian Arc and a 2.5 km deep basin-like 
structure  indicate  that  the  southern  sector  of  the  Aeolian  Archipelago is  subjected  to  crustal 
stretching processes (Barberi et al 1994, Ventura et al 1999). 
The  LVVC deep structure  may be  interpreted  in  terms  of  evolution  of  a  composite  pull-apart 
structure (Barberi et al 1994, Ventura 1994, Ventura et al 1999). The area of maximum extension  
corresponds to the central sector of LVVC, where the Mt. Guardia depression, La Fossa Caldera and 
a  2.5  km deep,  low-velocity  basin-like  structure  occur.  The Mt.  Guardia  and La  Fossa  Caldera 
depressions represent the surface expression of a single structure (the ‘‘Guardia–Fossa’’ structure, 
Ventura et al 1999). The presence of this structure is also supported by the available geochemical  
data  (Gioncada et al 2003 and references therein). These data show that coeval volcanic domes 
emplaced in both the southern sector of Lipari (Mt. Guardia, Mt. Giardina and other domes) and in  
the  north-western  sector  of  Vulcano  (Mastro  Minico  –  Lentia  dome complex)  have  the  same 
composition, trace element and isotopic  signature,  which is  consistent with a single magmatic 
reservoir (Ventura et al 1999, Gioncada et al 2003). The ‘‘Guardia–Fossa’’ structure formed during 
one of the longer periods of quiescence in volcanic activity and then it can be interpreted as a 
volcanotectonic collapse originated by the dip–slip movement along the NE–SW striking structures, 
which are responsible for the progressive lowering of the central sector of the LVVC pull-apart and 
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Fig 
1. 1. Tectonic setting of the Aeolian Archipelago. a) Western Mediterranean Sea (from Faccenna et al 2004); b) 
Aeolian Archipelago (from Mattia et al 2008); c) Lipari-Vulcano Volcanic Complex (from Mattia et al 2008, modified 
after Ventura et al 1999)
for the squeezing of magma toward the surface, triggering post-faulting volcanic activity (Ventura 
et al 1999 and references therein).
1.4 The Island of Vulcano
The  Vulcano  oldest  subaerial  products  date  back  to  120  ka  and  belong  to  a  shoshonitic 
stratovolcano termed Primordial Vulcano (120-100 ka; Keller 1980), forming the southern part of 
the island (Fig 1.. 2). At around 100 ka, the edifce was dissected by arcuate faults forming a caldera 
structure (Caldera del  Piano),  filled by later volcanic activity (Keller 1980, De Astis et al  2006).  
Around  50  ka  ago  north-dipping  normal  faults  affected  the  northern  part  of  the  old  edifce,  
initiating the formation of the subsidence basin called Caldera della Fossa (Keller 1980, Gioncada 
and Sbrana 1991, De Astis et al 2006 and references therein), and basaltic to shoshonitic eruptions 
occurred (scoria deposits and lava flows). A second important volcano-tectonic phase occurred 
around 25 ka (Voltaggio et al 1997), in coincidence with shoshonitic eruptions along NNW-SSE 
trending faults while, latite to rhyolite products were erupted in the northern sector of Vulcano 
Island (Mastro Minico-Lentia dome complex). At about 15 ka (Frazzetta et al  1984),  the Lentia  
complex was dissected by an important collapse, which completed the formation of the Caldera 
della Fossa structure with its N-S trending western fault. This coincided with the huge eruption of 
the Tufi Grotte dei Rossi, having its source area located inside the Caldera della Fossa volcano-
tectonic depression, which could be correlated to the ‘Brown Tuffs’ capping the rhyolitic domes on 
southern Lipari (Lucchi et al 2008 and references therein). After 15 ka, the activity concentrated in 
the northern sector of the island, and shoshonitic and latitic products filled the depression. Several  
vents activated along a N-S alignment (Saraceno, Fossa, Faraglione, Vulcanello), coinciding with the 
direction of the contemporaneous activity at Lipari (Gioncada et al 2003). La Fossa cone started to 
erupt 5.5 ka (Frazzetta et al 1984) and the last eruption occurred in AD1888-1890 (Mercalli and 
Silvestri  1891)  and the volcano is  still  active  with fumarolic  activity  (Granieri  et  al  2008).  The  
composition  of  the  products  erupted  at  La  Fossa  varies  from  latitic  to  rhyolitic,  with  minor 
shoshonites (Keller 1980, De Astis et al 1997, Gioncada et al 2003).
The island of Vulcano is affected by two main systems of NW-SE-trending fight-lateral strike-slip 
faults; N-S- and NE-SW-trending normal faults are also present. Such systems of discontinuity are 
consistent with the general tectonic style of the southern sector of the Aeolian Islands. The NE-
SW-trending fractures are responsible for the magma ascent in the inner sectors of the island. This  
is suggested by the migration of the vents of Fossa and Vulcanello. The eruptive centers of the 
western side of Vulcano are related to N-S-trending fractures (Quadrara, Spiaggia Lunga, Saraceno, 
Alighieri). This system is also responsible for the alignment of the main volcanoes of the island 
(South Vulcano, Fossa, Lentia and Vulcanello) (Keller, 1980). Both tectonic and volcano-tectonic 
structures  (Caldera  del  Piano  and  Caldera  della  Fossa  depressions)  are  closely  related  to  the 
shifting of the volcanic activity. No ignimbrite and/or plinian deposits have been identified on the 
island (Keller 1980, Gioncada and Sbrana 1991, Barberi et al 1994). The ratio between the volumes 
of the Lentia lava flows (about 1 km 3) and the collapsed area of the Fossa Caldera depression (10 
km 3) is not consistent with a drainage of a shallow magma chamber. 
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The older than 48 ka and less evolved rocks erupted 
from centers located outside the ‘‘Guardia–Fossa’’ 
structure (within the Piano Caldera), result from the 
melting  of  a  deep,  sub-alkaline  mantle 
asthenospheric.  source  (De  Astis  et  al  1997, 
Gioncada et al 2003 and reference therein, Zannon 
et  al  2003).  On the  contrary,  the  potassic  basalts 
younger  than  AD1000  (Vulcanello),  whose 
composition reflect  the melting of  the uppermost 
part of the lithospheric mantle (De Astis et al 1997, 
Davì et al 2009) have erupted in the area where the 
lowest  crustal  thickness  occurs.  Summarizing,  the 
more  recent  volcanism  of  the  Island  of  Vulcano, 
together  with  the  volcanic  activity  on  Lipari, 
developed along a N–S aligned volcanic axis and it is 
controlled  by  the  ESE–WNW  regional extension, 
while the older volcanic activity (Primordial Vulcano, 
Piano Caldera-filling products and Mastro Minico – 
Lentia dome complex) is controlled by the NW–SE 
local extension  related  to  the  pull-apart  (Ventura 
1994, Ventura et al 1999, Gioncada et al 2003). The 
magma feeding  system  beneath  Vulcano  Island  is 
suggested to be characterized by multiple magma 
chambers that persisted throughout the last 120 kyr 
(Gioncada  et  al  1998,  Zannon  et  al  2003).  In 
particular,  two  spatially  well-defined  levels  of 
magma accumulation are present beneath Vulcano, 
one in the upper crust, and in the other lowermost 
crust,  near  the  boundary  with  upper  mantle, 
therefore  the  location  of  the  deep  reservoirs 
apparently migrated toward slightly shallower level 
at  the  transition  from  the  Primordial  Vulcano-Piano  Caldera  to  Lentia  dome  complex,  which 
represent  the two main systems that  made up  the  island (Zannon et  al  2003 and references 
therein). The second shallower accumulation level is confined at the same depth of about 5 km,  
suggesting  the  existence  of  a  boundary  between  crustal  layers  with  different  mechanical 
characteristics  that  constitutes  a  physical  discontinuity,  which  favored  magma  storage.  An 
additional very shallow magma accumulation zone is present under the Fossa cone at a depth of 
about  2  -4  km  (Faraone  et  al  1986,  Clocchiatti  et  al 1994,  Harris  and  Stevenson  1997).  The 
proposed model suggests that this shallow level chamber hosts acidic magma, which undergoes 
mixing with mafic melt that could rise from deep reservoirs (Clocchiatti et al 1994, Gioncada et al  
1998, Piochi et al 2009).
At Vulcano, the primitive (basaltic) magmas are not erupted but instead stop at shallow depth, 
where they undergo degassing and crystallization producing shoshonitic magmas (Gioncada et al 
1998). In the post-15 ka activity the feeding system of the recent eruptive activity probably has a 
vertical configuration, with basalt in a relatively deep reservoir and the differentiated magmas in 
shallower small-volume, dike-like reservoirs (Gioncada et al 1998). The differentiation of basaltic  
melts  to give  shoshonite  (most  primitive  magma)  and latite  is  accompanied by  a  decrease  in  
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Fig 1. 2. Geological map of the Island of Vulcano 
(from Davì et al 2009, modified after De Astis et al 
2006)
crystallization temperature and by loss of heat, H2O, Cl and S (Gioncada et al 1998).
1.5 The recent activity of the Lipari-Vulcano Volcanic Complex
1.5.1 The Fossa cone
The  present-day  active  volcano  in  the  Island  of 
Vulcano, named Fossa cone, was built over the last 
5.5 ka, in the middle of La Fossa Caldera structure 
(Frazzetta et al., 1983). Its activity was interpreted 
as  mainly  phreatomagmatic  and  drove  to  the 
emplacement of multiple overlapping beds. During 
the last 3 ka, explosive eruptions at La Fossa Cone 
alternated with some effusive episodes generating 
viscous  lava  flows,  with  lati-trachytic  or  rhyolitic 
compositions.  Stratigraphic  reconstruction  of  the 
Fossa  cone  evolution  proposed  by  different 
Authors  are  reported  Chapter  2.  The  La  Fossa 
active  cone  contains  the  most  developed 
hydrothermal  alteration  areas  of  the  Island  of 
Vulcano  (Fig  1.  4).  The  heat  engine  of  the 
hydrothermal  system  is  represented  by  the  La 
Fossa  magmatic  feeding  system  (Fig  1.  5).  An 
exsolved  fluid  phase  mainly  consisting  of  H20, 
chlorides and sulfur  is released from the magma 
(Clocchiatti et al 1994; Gioncada et al 1998). The 
exsolved  fluid  is  probably  partitioned  into  a 
hypersaline  brine,  confined  at  depth,  into  which 
the chlorides and most of the metals are separated 
and a rising vapour phase that can still contain a certain amount of salts (mainly chlorides) which  
allow to maintain a good capacity to mobilise metallic elements (Hedenquist and Lowestern 1994, 
Fulignati et al 1998). At sub-surface conditions, the brine and the vapour phase reacted with the 
external water and the rocks, forming different degree of hydrothermal alterations (formation of 
new mineral paragenesis) founded in both deep-wells samples and in phreatic products (Gioncada 
et al 1995a, Gioncada et al 1995b, Fulignati et al 1998).
Near the surface, at the temperature below 250°-
300 °C, the acids H2SO4, HC1 and HF generated a 
silicic  alteration facies ,  while  out  of  the conduit 
zone,  the  acid  solutions  produced  by  hypogenic 
introduction  of  magmatic  gases  undergo 
neutralisation  by  mixing  with  groundwater  and 
reaction with the host rock with a low water/rock 
ratio  (primary  neutralisation).  Circulation 
dominated by fluids with higher pH (4.5 > pH > 2) 
and  lower  temperatures  promote  the  argillitic 
alteration observed out of the crater zone.
Fumarolic  activity  indicates that  the extension of 
the  hydrothermal  system  is  constrained  by  the 
boundary of the main crater, except for the area of 
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Fig 1. 3. Depth of the magma chambers beneath the 
Island  of  Vulcano  (data  from  Clocchiatti  et  al  1994, 
Gioncada et al 1998, Zannon et al 2003, Fusillo pers. 
comm.)
Fig  1.  4.  Alteration  zones  at  the  Fossa  cone  and 
neighboring areas (modified after Boyce et al 2007)
Forgia Vecchia (Fig 1. 6; Harris and Stevenson 1997 and references therein, Revil et al 2008, Barde-
Carbusson et al 2009). The main structural morphological crater boundaries serve as preferential 
fluid flow pathways for the upwelling of hot fluids. The hydrothermal system is mainly contained 
inside  the  boundary  of  the  craters  including  Forgia  Vecchia.  These  boundaries  are  planes  of 
mechanical  weakness  along which cracks  are  periodically  reopened by tectonic  activity  of  the 
volcano during crises.
1.5.2 Vulcanello Peninsula
The Vulcanello peninsula comprises a shoshonitic lava platform and a volcanic edifice made up of  
three, partly superimposed cones (Fig 1. 7; Fusillo 2008 and references therein).The oldest two 
cones are shoshonitic in composition, the more recent one is latitic in composition (Aparicio and 
Frazzetta 1984; Davì et al 2010).
The general stratigraphy of the Vulcanello Peninsula was studied by several Authors (Keller 1970, 
De Astis et al 2006). Recently, the geological mapping (Fusillo 2008, Rosi et al 2009, Fusillo et al  
2010), the stratigraphy of the proximal outcrops (Fusillo 2008, Rosi et al 2009, Fusillo et al 2010)  
and a detailed tephrostratigraphy of the tephra blankets that covered the lava platform (Roverato 
2008, Fusillo 2008, Rosi 2009, Fusillo et al 2010) reveal a complex eruptive activity of this small,  
young volcano.
Vulcanello  formed  between  1200  and  1600  AD 
(Arrighi  et  al  2006) and the volcanic activity was 
coeval  with the eruptions at  the Fossa cone and 
Mt.  Pilato  (1230±40  AD  Rocche  Rosse  eruption, 
Arrighi  et  al  2006,  Roverato  2008,  Fusillo  2008, 
Rosi 2009, Fusillo et al 2010).
Three eruptive clusters were identified, each one 
produced  a  pyroclastic  cone  and  led  to  the 
emplacement  of  a  tephra  unit  and  a  lava  field 
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Fig 1. 5. Geological-hydrothermal model for the Island of Vulcano (modified after Fulignati et al 1998)
Fig 1. 6. Resistivity model of the hydrothermal system 
at the Fossa cone (modified after Barde-Cabusson et al 
2009)
(Fusillo et al 2010). The oldest cluster produced Violent Strombolian to Hawaiian eruptions, built-
up the first cone and the Vulcanello lava platform (Roverato 2008, Fusillo 2008, Rosi et al 2009, 
Fusillo et al 2010). The second cluster, produced sub-aerial Strombolian cone, tephra unit and a 
off-shore pillow-lava field east of the peninsula (Roverato 2008, Rosi et al 2009, Fusillo et al 2010). 
The third cluster, displays a complex evolution with an initial effusive episode of a latitic lava flow,  
followed by steam-blast explosions, producing the third cone (Rosi et al 2009, Fusillo et al 2010).
1.5.3 Mt. Pilato-Rocche Rosse
Mt. Pilato is a pumice cone, formed about  in medieval  times, with a C-14 age of  1220±100 a BP 
(AD780; Keller 1967, 1970) and its activity consist in several explosive events, with the emission of 
highly vesicular rhyolitic pumice, with an abundant inter-granular ash matrix and scattered lithic 
clasts, forming a tephra sequences of about 150 m (Cortese et al 1986; Dellino and La Volpe 1996).  
In Mt. Sant'Angelo area, the Mt. Pilato Tephra crop out on a well developed paleo-soil, suggesting 
a long quiescent period between this eruption and the previous eruptive cycle (Gabellotto-Fiume 
Bianco) of the Island of Lipari (Cortese et al 1986).
Mt. Pilato experienced a second eruption in the 1230 ± 40 AD (Arrighi et al 2006) producing the 
Rocche Rosse Tephra and the Rocche Rosse Lava Flow. 
In their work, Cortese et al (1986) reported that in proximal outcrops the Rocche Rosse tephra lies  
above an erosional surface that cuts the Mt. Pilato cone. The deposits are mainly confined to the 
depression  of  the  previous  crater.  The  deposits  consist  of  an  alternation  of  coarse-grained 
explosion breccia layers with minor interbedded, sand-sized and cross-stratified ash layers.
Dellino  and La  Volpe (1995)  observed that  in  the inner  crater  zone of  Mt.  Pilato,  there  is  an 
erosional  contact  between  the  accretionary  lapilli-rich  layers  and  the  remaining  20-m-thick 
pyroclastic succession, which consists of coarse-grained pumice strata alternating with ash layers 
(Dellino and La Volpe 1995). These Authors also observed that this deposits formed a small cone 
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Fig 1. 7. Geological model and stratigraphic framework of the Vulcanello Peninsula (modified after Rosi et  
al 2009)
that subsequently was partly covered and partially destroyed by the effusion of the obsidian lava 
flow of Rocche Rosse that ended the eruptive activity (Dellino and La Volpe 1995).
Cortese et al (1986) noted that in the fall layers the components are: slightly vesicular glassy clasts  
with minor obsidians, lavas and pumices. The clasts have subangular or angular forms and rarely 
have a yellow or orange surface alteration due to fumarolic activity prior to explosion. Cortese et al  
(1986)  also reported that  in  the Canneto quarry  section,  the sequence is  capped by a coarse 
pumice-fall layer. Within the crater depression these deposits are coarser and composed mainly of 
obsidian-rich  explosion  breccia  layers.  They  mantled  the  crater  depression,  but  post-eruptive 
erosion has removed the deposits from the steepest surfaces and has accumulated the materials in 
low areas.
In Mt. Sant'Angelo area, the  Rocche Rosse tephra is constituted by several coarse ash and lapilli 
layers, mainly constituted by white pumices and obsidian clasts, more abundant up-section (Chicco 
pers. comm.).
In these outcrops,  generally there is only a planar surface between the Mt. Pilato and Rocche 
Rosse tephra layers.  In some outcrops  the Mt.  Pilato tephra is  little  bio-disturbed (animals or  
humans), while in other medial outcrops in between the Rocche Rosse tephra lies on a pumice-rich 
reworked  deposits,  capping  the  Mt.  Pilato  tephra  (Chicco  pers.  comm.).  The  absence  of  well 
developed unconformities (erosional surfaces of paleo-soils) or inter-eruptive reworking deposits, 
confirm the short time break between the Mt. Pilato and Rocche Rosse eruption (Chicco pers. 
comm.).
The Rocche Rosse lava flow is related to the final phase of the Rocche Rosse eruption and exhibits 
more than one stage of flowage (Cortese et al 1986). A first short and stubby obsidian lava flow is  
mantled by a thick sequence of coarse-grained fall layers, mainly composed of angular obsidian 
clasts,  while  the  main  flow covered this  deposit  (Cortese  et  al  1986).  This  eruptive  sequence 
suggest that the effusive phase was coeval with the final stage of the explosive phase, confirming 
that the age of the lava flows calculated by Arrighi et al (2006) should be the same of the Rocche  
Rosse Tephra. 
The Rocche Rosse lava flow is a 2-km long obsidian lava in the NE sector of the Island of Lipari. The 
flow top  is  highly  brecciated  by  in-situ  disintegration  of  the flow carapace forming devitrifed, 
chaotically orientated concentric obsidian ridges. Some individual ridges may be interpreted as the 
surface expression of fold structures that extend downward into the flow, along curved planar 
surfaces  that  are inclined toward the vent.  The steep sea cliff  east  of  the town of  Aquacalda  
exposes  the  Rocche  Rosse  lava  flow front  in  a  vertical  succession  of  sheet-like  flow  ramps 
(Gottsmann and Dingwell, 2001). These ramps are formed of individual flow units ranging from 
decimetres  to  metres  in  size.  Flow  banding  in  black  obsidian  is  locally  increased  by  sparse 
spherulitic to continuous white axiolitic spherulite disposition (Gimeno 2003).
Recently (Davì et al 2009), mafic enclaves of latitic to trachytic composition in the Rocche Rosse 
lava flow have been identified and an evolution process between these enclaves and the rhyolitic 
magma has been documented in detail. Based on microanalytical data, the Authors suggested here 
that  the  feeding  system of  recent  Lipari  volcanic  activity  was  characterized  by  a  shoshonitic– 
basaltic magma originating from a deep reservoir, which may have evolved and stopped in the 
crust, generating zoned magma chambers at different depths, in which latitic and rhyolitic magmas 
reside. The sudden arrival of a new input of mafic melt may have interacted with these resident 
fractionated magmas and triggered the Rocche Rosse eruption (Davì et al 2009).
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2. Growth and erosion: the volcanic  geology and the evolution of the Fossa cone  (Island of 
Vulcano, Southern Italy) during the last 1000 years
2.1 Introduction
The Fossa cone (Island of Vulcano, Southern Italy) is a 391 m height composite cone, active since  
~6000 years (Frazzetta et al 1984). Its eruptive history and structure have been studied by many  
authors (Keller 1970, Keller 1980, Frazzetta et al 1983, Frazzetta et al 1984, Arrighi et al 2006, De 
Astis et al 2006, Roverato 2008, Lorieri 2009) and summarized later.
The  current  activity  on  Vulcano  is  characterized  by  intense  fumarolic  emissions  in  the  Fossa 
summit crater, on the northern and southern flanks of the edifice and in the area of the Porto di 
Levante harbour. Since 1890 the quiescent Fossa volcano has been characterized by the occurrence 
of “crises” (Granieri et al 2006) with strong increases of the fumaroles temperatures, the gas flux 
and the variations of the chemical compositions toward more magmatic signatures caused by the 
uprising of magmatic gas. Moreover, a local anomalous shallow seismicity characterized by swarms 
of low magnitude, due to rising gases in the fumarolic feeding system, an increase of the diffuse 
soil CO2 degassing, and a spatial expansion of the fumarolic fields are also characteristic of these 
“crises” but no evidence of magma uprising was signalled.
In any case the recent signs of volcanic unrest combined with a complex vulnerability of the Island 
of Vulcano due to an uncontrolled urban development and a significant seasonal variation of the 
exposed population result in a high volcanic risk.
In the absence of a detailed historical record of activity, an assessment of future hazards from a 
stratovolcano should be largely based on stratigraphy and past activity (Burt et al 2001, Gurioli et  
al 2010), nevertheless many hazard maps of volcanoes contain little information from stratigraphic 
studies (Rosi 1996).  In order to maximize the efficiency of Civil Protection plans and to limit the 
negative feedback on the local  economy, hazard assessment must be based on a detailed and 
reliable stratigraphic reconstruction of the past event.
The aim of this chapter is to revise the evolution of the Fossa cone during the last 1000 years, in 
order  to  give  an  accurate  and trusty  stratigraphic  reconstruction  of  the  past  event,  useful  to 
whatever  detailed  studies  on  the  eruptive  behaviour  and/or  the  transport-sedimentation 
mechanisms of both primary volcanic and secondary volcanoclastic reworked material.
For the purpose of reconstruction of the eruptive history of a stratovolcano in more detail and to  
recognise  the  actual  potential  associated  hazard,  it  is  crucial  to  understand  the  depositional 
processes that contributed to the construction of the volcanic edifices (Hobden et al 2002). Since 
only part of the volcanic activity is recorded on the cone, it is only by coupling the analysis of the  
cone succession and studying the accumulated deposits in the surrounding ring plain that a more 
complete  view of  the  geological  history  of  the  volcanic  edifice  can  be  obtained (Hackett  and 
Houghton 1989).
2.1.1 Growth and destruction behaviour of Small Composite Volcanoes
Subdivision of complex stratovolcanoes into eruptive and constructional ‘stages’ needs detailed 
geologic  mapping,  accurate  high-resolution  geochronology,  and  compositional  data  (Thouret 
1999).
Volcano growth and erosion influence sedimentation and the evolution of drainage patterns in 
volcanic landscapes. The sedimentary processes exert a great influence on modern volcanoes and 
this is testified by the fact that reworked volcanic rocks are volumetrically important and must be  
significant in the geological record (Thouret 1999).
Cyclic growth and destruction of a stratovolcano (by erosion, crater formation, sectoral collapse or 
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caldera collapse) may vary significantly amongst different volcanoes and also during the lifetime of 
a  single  volcano  but  however  represent  a  common  process in  the  behaviour  of  long  lived 
composite cone (Hackett and Houghton 1989; Zernack et al 2009 and references therein, Neméth 
and Cronin 2009).
Stratovolcanoes commonly grow in spurts and their  development is therefore reflected almost 
instantly in the sedimentary record of surrounding regions. The rapid growth and denudation of  
volcanic landforms, caused by the serious erosion in drainage systems, supply huge volumes of 
sediments through the catchments toward neighbouring lowlands (Bonadonna et al 1998, Thouret 
1999 and references therein).
Composite  volcanoes  are  complex  dynamic  volcano-  sedimentary  systems.  Long  intervals  are 
characterised  by  small  but  frequent  eruptions  providing  a  continual  supply  of  debris  to  the 
surrounding ring plain. Larger explosive eruptions trigger major pulses of ring plain sedimentation.
Cone-forming sequences are dominated by lava flows and pyroclastic  materials,  while the ring 
plain is built predominantly from both the reworked material eroded from the cone and the distal 
primary pyroclastic deposits (Hackett and Houghton 1989). Much of the material entering the ring 
plain is  transported by lahars,  either  generated directly  by eruptions  or  triggered by the high 
intensity  rain  storms which characterize  the region.  Ring plain  debris  are  reworked rapidly  by 
concentrated and hyperconcentrated streams in pulses of rapid aggradation immediately following 
eruptions and more gradually in the longer intervals between eruptions (Hackett and Houghton 
1989;  de Rita  et  al  1997,  Bonadonna et  al  1998,  Manville  et  al  2009 and references  therein,  
Neméth and Cronin 2009, Zernack et al 2009).
2.1.2 Previous studies on the Fossa cone
Stratigraphy
The  stratigraphy  of  the  Fossa  cone  was  previously  study  by  Keller  (1980),  in  great  detail  by 
Frazzetta et al (1983) and Frazzetta et al (1984) and recently summarised by De Astis et al (2006) in 
the new geological map of the Island of Vulcano. The results of these surveys are resumed in Tab 2. 
1, together with the reconstruction of the activity of the Vulcanello platform (Fusillo 2008 and 
references therein, Rosi et al 2009, Fusillo et al 2010) and of the Mt. Pilato volcano (Island of Lipari; 
Cortese et al 1986, Dellino and La Volpe 1995, Chicco pers. comm.)
On the Fossa cone, Keller (1980) observed three main pyroclastic units separated by lavas. The first 
pyroclastic unit (Fossa I) consists of dark grey tuffs with a basal date between 11.000 and 8.500 
years BC. The second tuff unit (Tufi Rossi) consists of fine-grained, lithified ash deposits of reddish  
to varicolored appearance. Finally, the uppermost unit is composed of dark gray tuffs that are very 
fresh appearing (Keller 1980).
Frazzetta  et  al  (1984;  Tab  2.  1),  based  on  the  detailed  stratigraphy  of  Frazzetta  et  al  (1983), 
proposed that the evolution of the Fossa cone followed repetitive cycles of explosions succeeded 
by lava effusion (with the only  exception of  the 1888-1890 Vulcanian eruption,  Frazzetta et  al 
1983). In their scheme, the evolution of the Fossa cone starting with the activity of the Punte Nere 
cycle at 5.500±1300 years BP (Punte Nere Lava flow, Frazzetta et al 1984), followed by three cycles 
of explosive activity ended with the emission of the Campo Sportivo Lava flow at 4.600±1.700 
years BP (undefined cycle). Come later the deposits of the Palizzi cycle divided in two parts: the 
lower part consists of pyroclastic deposits that are capped with the Trachitic Pumice fall of Palizzi,  
dated at 2,200 ± 1,300 years BP and then the upper part made by pyroclastic deposits topped the 
Palizzi Lava flow 1,600 ± 1,000 years BP (Frazzetta et al 1984). The Commenda cycle begins with  
the Breccia di Commenda unit (Frazzetta et al 1983, Gurioli and Sbrana 1999), was followed by the 
Varicolored tuffs (Frazzetta et al 1983, Dellino et al 1990, Capaccioni and Coniglio 1995) and ended  
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with the emission of the Commenda Lava (Frazzetta et al 1983). The Forgia Vecchia 1 crater formed 
during this period. The age of the Commenda cycle was attributed by Frazzetta et al (1984) at  
1,220 years BP, based on the presence of a rhyolitic white tephra interpreted as the distal deposits 
of the Mt. Pilato eruption, dated by archaeological data by Keller (1970). The Pietre Cotte cycle  
began with a sequence of pyroclastic deposits and ended with the extrusion of the Pietre Cotte 
lava flow in 1739. The crater of Forgia Vecchia 2 formed inside the older crater of Forgia Vecchia 1  
in 1727 (historical chronicles, Frazzetta et al 1984). The eruptions that followed the Pietre Cotte 
lava (comprising the 1888-1890 Vulcanian eruption) was interpreted as be the “tail” of the Pietre  
Cotte cycle, instead to be a “true cycle” (Frazzetta et al 1983, Frazzetta et al 1984).
The work of De Astis et al (2006), summarised in Dellino et al (2010), identified 5 Successions in 
the stratigraphy of the Fossa cone (Tab 2. 1), subdivided into 14 stratigraphic units, corresponding 
to the products of as many eruptions.
The Punte Nere Succession consists of two pyroclastic units, capped by a metric-thick trachytic lava 
flow (Punte Nere Lava flow), and it  was formerly dated at 3800+2200/-1100 years BP (Voltaggio et 
al  1995) and its emplacement closed the Punte Nere Succession. Inter-bedded in the Punte Nere 
succession  a  metric  layer  of  latitic  welded  scoriae  is  present,  with  a  radiometric  age  of 
5300+2200/-1100 years BP (De Astis et al 2006 and references therein).
The second Succession, Palizzi 1, has been subdivided into three units, and consist in pyroclastic 
deposits separated by erosional surfaces. One of the layers has a radiometric age of 2900+/-350
years BP (Voltaggio et al 1995, De Astis et al 2006, Dellino et al 2010).
The third succession, Palizzi 2, is subdivided into three units based on the occurrence of erosional
surfaces.  The  lower,  complex  unit,  is  made  up  of  a  sequence  of  decimetres  thick,  densely-
laminated ash layers. One of the ash beds has a radiometric age of 2100+/- 300 years BP (Voltaggio  
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Fig 2. 1. Reconstruction of the stratigraphic evolution of the Fossa cone by: a) Frazzetta et al (1984) and b) De 
Astis et al (2006). See text and Tab 2. 1 for the explanation.
et al 1995,De Astis et al 2006, Dellino et al 2010). 
Two  metric  layers  of  pumices  deposits  are  intercalated  in  this  unit.  The  first,  has  a  rhyolitic 
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Tab 2. 1. a) Summary of the stratigraphic reconstructions of the Fossa cone activity by a) Frazzetta et 
al (1983) and ; b) De Astis et al (2006) and Dellino et al (2010); c) Roverato (2008); Lorieri (2009); b) 
summary of the dated tephra and lavas of the recent activity of the Lipari-Vulcano Volcanic Complex 
from Keller (1970), Frazzetta et al (1984), Voltaggio et al (1998), Arrighi et al (2006)
composition, the second one is trachytic (De Astis et al 2006, Dellino et al 2010). The intermediate  
unit consists of a rhyolitic lava body that surrounds the eruptive vent and flowed only for a few 
hundred meters from the crater (De Astis et al 2006, Dellino et al 2010). The upper, complex unit,  
which formed about 1500 years BP, is made up of a sequence of 
decimetres thick laminated ash layers and by a trachytic lava flow, which extends southward down 
the base of the cone (De Astis et al 2006, Dellino et al 2010).
The fourth Succession, Caruggi, formed about 1250 years BP, during the Monte Pilato eruption 
(Island of Lipari; Dellino and La Volpe 1995, Dellino and La Volpe 1996; De Astis et al 2006) and it is  
made up, at the base, of the breccia unit, followed by the density stratified varicolori ash unit  
formed (De Astis et al 2006, Dellino et al 2010). 
The fifth Succession, Cratere Attuale, was subdivided into three units, mainly on the base of the
eruption chronicles (De Astis et al 2006, Dellino et al 2010).
The complex unit of Pietre Cotte consists, at the base, of latitic ash layers were followed by the 
Pietre Cotte rhyolitic lava flow, which was effused on 1739 AD, on the eastern sector of the cone, 
that closes the unit (De Astis et al 2006, Piochi et al 2009, Dellino et al 2010).
The post 1739 AD unit is made up of an alternance of finely laminated and lenticular massive ash
layers, formed in the period 1739-1888 AD, as reported by the eruption chronicles (De Astis et al  
2006, Dellino et al 2010).
New chronological data of the Vulcanello and Fossa cone products were produced by Arrighi et al 
(2006), that dated the outcropping lavas of the two volcanoes. These data completely disagree 
with the previous ones, giving an age of the Palizzi, Punte Nere and Commenda lavas very similar  
(about 1200 AD) due to their undistinguishable magnetic features (Arrighi et al 2006).
Arrighi et al 2006 also dated the Pietre Cotte Lava flow at 1720±30 AD, in good agreement with the 
1731-1739 eruptive period estimated by De Fiore  (1922),  Keller  (1970),  Frazzetta et  al  (1984), 
Piochi et al (2009) and Lorieri (2009).
More recently, Roverato (2008) studied the chronological relationship between the Fossa cone and 
Vulcanello and proposed a new stratigraphic scheme for the recent activity of the Fossa cone (Tab 
2. 1).
Roverato (2008) subdivided the products emitted before the emission of the Pietre Cotte Lava flow 
into 3 succession: Palizzi, Commenda and Lower Pietre Cotte. 
The  Palizzi  Succession  comprises  4  members:  “complesso”,  “lavico  inferiore”,  “cineritico”  and 
“lavico superiore”. The first one is made of pyroclastic deposits and comprises the rhyolitic and 
trachitic  pumice  layers  of  De  Astis  (2006).  The  “lavico  inferiore”  member  correspond  to  the 
Commenda Lava flow (De Astis et al 2006). The third is an ash deposits that is capped by the  
“lavico superiore”, a unique lava unit that comprises the Palizzi, the Campo Sportivo and the Punte 
Nere lava flows (Roverato 2008).
The Palizzi Formation was followed by the Commenda Formation, that broadly correspond to the 
Breccia di Commenda and the Varicolored Tuffs units (sensu Gurioli and Sbrana 1999).
This  unit  is  capped by the Lower Pietre  Cotte  Formation,  mainly composed by a sequence of 
stratified to laminated ash deposits, rich in scoriaceous and obsidian clasts (Roverato 2008).
Lorieri (2009) studied in detail the sequence between the Lower Pietre Cotte Formation (Roverato, 
2008) and the deposits of the 1888-1890 Vulcanian eruption and this sequence were divided in  
two  main  units,  the  “Upper  Pietre  Cotte”  and  the  “Eruzione  Intermedia”  units.  The  “type-
sequence”  of  Upper  Pietre  Cotte  was  divided  into  two  sub-sequences,  corresponding  to  two 
different phases of the activity. The first one was characterized by two pumice deposits, while the 
second sub-sequence and the Eruzione intermedia unit are defined by an alternation of fine and 
coarse ash deposits (Lorieri, 2009).
Chapter 2. Pag. 5
Morphology and structure
Frazzetta et al (1983) reconstructed the structural and morphological evolution of the Fossa cone,  
based on their yet summarised stratigraphy (Fig 2. 1). Following these Authors, the first structure 
was a low tuff ring capped by the Pte. Nere trachytic lava flow over the NE rim of the cone down 
the steep (30°) slope into the sea (Frazzetta et al 1983).
After the Pte. Nere cycle a source to the west of the first vent developed the cone with a sequence 
of pyroclastic deposits. 
The next crater developed further to the west and was the source for the deposits of both the 
Palizzi and Commenda cycles. The lava of Palizzi spilled over the low southern edge of this new 
cone and the Commenda flowed over its SW edge (Frazzetta et al 1983).
The next crater to develop is related to the Pietre Cotte cycle that forms part of the present rim 
and this  cycle  began with the widespread varicolored tuffs  that  mantles  much of  the existing 
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Fig 2. 2. Reconstruction of the structural and morphological evolution of the Fossa cone (Frazzetta et al 1983)
Fig 2. 3. Highly magnetized anomaly recognised by Blanco-Montenegro et al (2007) and interpreted as a cone-
like body inside the volcanic edifice, centred beneath the oldest crater rims, made by a pile of tephritic lavas 
emplaced in an early phase of activity of the Fossa cone (Blanco-Montenegro et al 2007)
edifice. The Pietre Cotte lava moved out on the northwestern flank of the cone to end this cycle. 
The modern center of activity has moved to the south and hence the southern crater wall has been 
partly destroyed (Frazzetta et al 1983). Their reconstruction assert that the Forgia satellitic cones 
was produced by two events that are not directly related to the main eruptive cycles. The first 
explosion formed the large crater of Forgia Vecchia I either contemporaneous with the latter part 
of  the Palizzi  cycle or  with the Commenda cycle while  the Forgia Vecchia 2 explosion in 1727 
produced a very small crater superimposed on the rim of the Forgia Vecchia 1 crater (Frazzetta et  
al 1983).
Frazzetta et al (1983) also reported that the deposits of the recent cycles were strongly eroded by 
intense water erosion and such intense erosion is supported by the frequent formation of small  
lahar deposits following intense rainfalls (Frazzetta et al 1983).
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Fig 2. 4. ERT data, range of resistivity and the shape and the position of the anomalous body recognised by 
Barde-Carbusson et al (2009), interpreted it as an intrusion or a dome contemporary of the activity of the 
Punte Nere cone (5.3 ka–3.8 ka) and truncated to the west, on at least 200 m depth by the Pietre Cotte crater 
ring fault during its formation at 1739 A.D. (Carbusson et al 2009)
The structure of the Fossa cone were also investigated by Blanco-Montenegro et al (2007; Fig 2. 2) 
trough high-resolution aeromagnetic  analysis  and by Barde-Carbusson et al  (2009; Fig 2.  3)  by 
merging  Electric Resistivity Tomography (ERT), Self-Potential (SP), soil CO2 flux, and temperature 
data.
Both  Authors  recognised  a  buried  structures  on  the  eastern  side  of  the  cone  but  their 
interpretation is quite controversial. The former interpreted  the presence of a highly magnetized
cone-like body inside the volcanic edifice, centred beneath the oldest crater  rims,  as a pile of  
tephritic lavas emplaced in an early phase of activity of the Fossa cone (Blanco-Montenegro et al 
2007). They also suggested that the volume of mafic lavas that erupted at the beginning of the  
construction of the Fossa edifice was more significant than has previously been deduced by field 
analysis (Blanco-Montenegro et al 2007). Barde-Carbusson et al (2009) from their ERT data, range 
of resistivity and the shape and the position of the anomalous body, interpreted it as an intrusion  
or a dome contemporary of the activity of the Punte Nere cone (5.3 ka–3.8 ka) and truncated to 
the west, on at least 200 m depth by the Pietre Cotte crater ring fault during its formation at 1739  
A.D. (Barde-Carbusson et al 2009).
2.2 Data collection
The recent products of the Fossa cone, being mainly of pyroclastic deposits,  formed a series of 
concentric  shells that  hide the older  successions.  This  “onion-like”  architecture  of  the cone is  
dissected towards the older products by two main valleys, the W-E Roja valley S-N Palizzi valley on 
the southern and western side of the cone, respectively (Fig 2. 5).  The cone is also cut by several 
shallow gullies and rills, that show the recent succession and rarely the older products.
The major difficulty in the reconstruction of the recent stratigraphy and geological mapping is that 
the eruptions in the last 1000 years were small to medium-scale (see following chapters 3, 4, 5 and 
6) and then the products have areal distribution much influenced by the wind directions (small 
plumes)  and paleo-topography (small  PDC's  and lava flows).  These eruptions  emitted small  to 
medium  pyroclastic  volume  (see  following  chapters  3,  4,  5  and  6)  and  so  the  possibility  of  
preserving the deposits throughout the dispersal area is very low. However, these factor produced 
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Fig 2. 5. a) Satellite image of the Island of Vulcano. Main geographic informations are highlighted. b) DEM (10 
m raster) of the Island of Vulcano. Location of the stratigraphic sections are evidenced.
a thick epiclastic sequence a the base of the cone and in the surrounding plain (Vulcano Porto 
area) and valleys (Roja and Palizzi). During the fieldwork, the study of 139 stratigraphic sections 
allowed the reconstruction of the evolution of the Fossa cone during the last 1000 years. 
In addition to the natural outcrops, 5 hand-made and 26 mechanical-made trenches were dug in to 
the volcaniclastic succession, both in the Fossa area (southern side and in the Vulcano Porto plains)  
and on the Vulcanello Platform (data from Roverato 2008, Fusillo 2008, Rosi et al 2009 and Fusillo  
et al 2010).
Data from stratigraphic sections were grouped into 8 sets based on the geographical location (Fig 
2. 5), then resumed in synthetic logs (Appendix I) and finally recorded in a dedicated GIS.
2.2.1 Geomorphology
The morphology of  the N-side of  the Island of  Vulcano were studied by integrating data from 
different scale (10 m, 5 m and 1 m pixel dimension) Digital Elevation Models (GNV project), and  
direct-field observations and measurements (Appendix II).
Four main parameters were obtained to analyse the morphology of the Fossa cone: the slope, the 
slope of slope, the planar curvature and the profile curvature. The slope defined as the measure of 
change in surface value over distance and can be expressed in degrees or as a percentage, while 
the slope of slope is the measure of change in the slope value over distance. The planar curvature 
index describes the concavity/convexity of the land surface measured perpendicular to the aspect 
of the slope, while the  profile curvature index describes the same phenomenon but measured 
parallel to the slope’s aspect. Both indexes are unitless, with positive values indicating convexity  
and  negative  indicating  concavity.  The  hydrological  network  were  also  carried  out  performing 
analysis on the DEM.
This  analysis  allowed  the  definition  of  the  main  geomorphological  structures  that  were 
subsequently related to the different phase of growth and erosion of the cone and the surrounding 
areas. The growth of the cone is related to eruptions (small to medium), forming cones and lavas  
(platforms or ridges), while the erosion of the volcanic edifices is the main factor influencing the 
development of the alluvial plains surrounding the volcano.
Jointing morphological and stratigraphical data allowed for the definition of the chronology of cone 
birth, evolution (growth and erosion), death and subsequent formation of a new cone.
2.2.2 Stratigraphy and geological mapping
The general  stratigraphy (Fig 2. 6) and the geological  mapping (Fig 2. 7) have been conducted 
following the Unconformity Bounded Stratigraphic Units criteria (UBSU; Salvador, 1987, 1994) and 
using the the UBSU methodology applied to volcanic terrains proposed by de Rita et al (1997). 
This methodology proposes the use of the Eruptive Unit (EU, Fisher and Schmincke, 1984) as the 
basic stratigraphic unit within the framework of the UBSU. The EU is defined as a stratigraphic unit 
bounded by unconformities (erosion and/or non depositional surfaces) generated in the time gap 
between two eruptions (Simkin et al 1981; Fisher and Schmincke 1984; de Rita et al 1997).
Given  the  nature  of  the  studied  successions,  mainly  comprising  volcanic  products 
deposited/eroded/re-sedimented in a very short period, a modified form of the de Rita et al (1997)  
methodology is proposed and applied (Tab 2. 2). 
The main difference is the introduction of the Eruptive Cluster (EC),  which is defined as a unit 
limited by well-developed unconformity (erosional  surface) on the volcanic edifice or not well-
developed  unconformity  (erosional  surface  or  paleo-soil)  in  the  surrounding  areas.  The  EC 
represents a series of “clustered” eruptions and it is a stratigraphic unit hierarchical superior to the  
EU, but inferior to the Eruptive Epoch (de Rita et al 1997).
Chapter 2. Pag. 9
The unconformities recognized in the studied area (northern-side of the Island of Vulcano) were 
followed in all the 150 analysed section and synthesized using stratigraphic logs (Appendix I).
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Tab 2. 2. Modified form of the De Rita et al (1997) UBSU methodology for volcanic terrain
First- and second-order unconformities are defined as the boundary between eruptive epochs ad 
eruptive clusters, respectively. Their areal extension could be ample. For a first-order unconformity 
must be a large sector of the Island, while for a second-order unconformity must be at least the 
cone  and  the  surrounding  plains.  Third-order  unconformity  is  here  defined  as  the  boundary 
between  two  eruptions.  Not  all  the  third-order  unconformities  are  useful  to  the  geological  
mapping because the bad preservation and 
areal  discontinuity  of  hierarchical  low-level  unconformity.  This  is  the effect  of  the time-breaks 
between small-scale  eruptions  (years  to  tens  of  years,  as  in  the recent  times in  the Island of 
Vulcano,  see Mercalli  and Silvestri  1891).  In  fact,  a  small-scale  eruption could produce a  low-
volume deposit,  often in  a  limited  areal  extension,  that  could  be  almost  completely  removed 
during  the  repose  interval.  The  following  small-eruption  could  produce  a  new  small-volume 
deposit in a limited area that is not able to “seal” the underlying unconformity.
Unconformities of lower hierarchical levels were recognised but were not used to mapped the 
products and were related to time breaks between eruptive phases and/or pulses (de Rita et al 
1997).
It  is  worth  to  remark  that  the  hierarchy  of  the 
“modified  UBSU”  (sensu  de  Rita  et  al  1997) 
presented in this work could be modified in the 
future by better defining the regional extension of 
the  identified  unconformity  surfaces  and  hence 
their stratigraphic relevance, beyond the limit of 
the  studied  area.  At  the  same  time,  the  UBSU 
classification  (sensu  Salvador  1987)  could 
introduced analysing a larger sector of the Aeolian 
Islands (at least Lipari and Vulcano) and merging 
volcanological  data  with  information  on  the 
eustatic changes and the tectonic activity (Principe 
and  Giannandrea  2008,  Lucchi  et  al  2010, 
Palladino et al 2010)
To relate the stratigraphy of the Fossa Cone and 
Vulcanello (Fusillo 2008; Fusillo et al 2010) and to 
map all  the northern (and youngest)  side of the 
Island of Vulcano, the concept of Lithosome was 
also applied, which is a morpho-stratigraphic term 
that in volcanic  terrains encloses the concept of 
“volcanic  edifice”  defined  by  a  recognisable 
morphology  that  relates  to  a  defined  eruptive 
centre and to a defined eruptive style (Giordano 
et al 2006).
2.2.3 Tephrostratigraphy
The UBSU stratigraphy and the geological mapping 
gave  the  stratigraphic  architecture  and  areal 
distribution of the deposits of the last 1000 years. 
To  constrain  the  chronology  and  the  timing  of  the  eruptions,  a  detailed  tephrostratigraphical 
analysis were performed on each section.
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Fig 2. 6. Representative, synthetic logs of the last 1000 
years of activity of the Fossa cone (see text and Tab 2. 
4 for the explanation).
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Fig 2. 7. Geological map of the northern-side of the Island of Vulcano. See Appendix 1 Geological Map for 
full scale image
to clear tephra layers in a wide range of depositional environments, including, for example, lakes 
mires, peats, soils, loess, marine sediments and glacier ice masses (Turkey and Lowe 2001).
Modern studies using tephra correlation as a stratigraphic tool stem from the pioneering work of 
Thorarinsson 1944 in Iceland, who coined the term tephra for material erupted explosively through 
the air (Shane 2000 and references therein). He also introduced the term tephrochronology for 
stratigraphic  and chronologic  studies  using tephra beds.  The term tephrostratigraphy is  widely 
used in studies that have erected stratigraphic frameworks  by correlating tephra beds, in some 
cases regardless of their age, while tephrochronometry has been used where tephra provide an 
age  for  enclosing  strata  (Shane  2000).  The  term  tephrology  has  been  suggested  as  an 
encompassing term for all tephra studies (Shane 2000). 
The main chronological constrain to the recent activity of the Fossa cone is related to the presence  
of products dated with several methods (Tab 2. 3). Age of lavas allowed to weave a chronological 
net  within  this  time  period,  but  the  applicability  of  which  depends  on  a  good  stratigraphical 
reconstruction of the relationship between lavas, pyroclastic and volcanoclastic deposits. On the 
other side, widespread tephra layers are at the same times good stratigraphic markers and perfect 
time-constrains. The dated tephra layers could be considered as “isochrons” within the volcanic 
succession of the Fossa cone.
In addition to tephrochronological markers, some deposits were useful for the construction of the 
tephrostratigrapic  architectures.  The  features  of  the  tephrochronologic  and tephrostratigraphic 
markers were resumed in Tab 2. 3. Both marker-types were studied in proximal or medial outcrops  
and analysis of the glass composition and particle characteristics, if absent, were obtained.
2.2.4 Facies analysis
The study of the stratigraphic logs has been also conducted through the facies analysis of the 
deposits.
With volcanic facies analyses, volcanic deposits (both coherent and fragmented) are studied in an 
aim to  establish  horizontal  and vertical  facies  relationships  that  could help  to  understand the 
volcanic  eruptions,  the  subsequent  reworking  processes  and  the  relationship,  as  well  as  the 
interaction, between volcanic and non-volcanic sedimentary environments (Fisher 1984, Nemeth 
and Martin 2007). Facies are features of a sedimentary unit portraying the processes of origin and 
source,  and environment of  deposition (Thouret 1999).  Classification of  the deposits  has been 
operated  on  the  basis  of  their  lithological  characteristics,  average  componentry  of  clasts  and 
matrix,  organization  and  geometry  and  presence  of  sedimentary  structures,  allowing  the 
distinction between primary and volcaniclastic deposits.
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Generalised  facies  models  of  composite  volcanic  cones  are  based  on  the  identification  and 
distribution of proximal, medial, and distal, nonmarine volcaniclastic facies and sedimentary cycles 
triggered by large eruptions around stratovolcanoes (Hackett and Houghton 1989, Lecointre et al 
1998, Thouret 1999, Giordano et al 2002, Zernack et al 2009, Neméth and Cronin 2009).
Merging data from morphology, UBSU stratigraphy, tephrochronology and facies analysis within 
the main units allowed to identify the space-time relationship between primary and reworking 
deposits, being the sedimentary signature of growth and erosional phases of the Fossa cone.
2.3 Data
2.3.1 Geomorphology
Based on  its  geomorphology,  the  N-side of  the  Island of  Vulcano could be divided in  3  main  
domain, together with other minor ones (Fig 2. 7).  The earliest recognisable are the highlands 
composed by  the  older  part  of  the  island:  the  Primordial  Vulcano-Piano  Caldera  and the  Mt. 
Saraceno-Mastro  Minico-Lentia  complexes.  The  first  one  is  the  main  structure  of  the  central-
southern part of the island and is a volcanic edifice, cut by a caldera collapse (about 100ky Piano  
Caldera collapse, De Astis et al 2006 and references therein) and mantled by younger materials  
(Keller  1970).  The Mt.  Saraceno-Mastro Minico-Lentia  complexes  are the remnants  of  volcanic 
edifices (poligenetic and monogenetic) dissected by the Fossa Caldera main faults and by a series  
of minor normal faults (De Astis et al 2006 and references therein). The Fossa Caldera forms the 
steep  scarp  on  the  northern-side  of  the  island  were  the  2  other  domains  are  located:  the 
Vulcanello and the Fossa cone domains. All these two region comprise the cone structures and the 
plains around them.
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Tab 2. 3. Summary of the dated tephra and lavas of the recent activity of the Lipari-Vulcano Volcanic Complex 
from Keller (1970, 1980, 2002), Frazzetta et al (1984), Voltaggio et al (1998), Arrighi et al (2006) 
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Fig 2. 8. Picture of the Fossa cone taken from the NE. The main morphological features are evidenced.
The Vulcanello cone is constituted by three overlapping cones, with the older one forming the 
main structure and the second and third forming small cones on the first, with a migration from NE 
to SW (Keller 1970; Fusillo 2008; Rosi et al 2009; Fusillo et al 2010).
Around the Vulcanello cones, a relatively flat structure is located, composed by a series of 
shoshonitic to latitic lavas (Keller 1970; Davì et al 2009). This platform is not perfectly flat, due to 
the overlapping of different lava flows, forming a lobes morphology, with small highs (2-3 m) and 
ponds, partially filled by subsequent pyroclastic (from Vulcanello, Fossa and Mt. Pilato volcanoes) 
and epiclastic products (Roverato 2008; Fusillo 2008; Rosi et al 2009; Fusillo et al 2010). 
The Fossa cone domain comprises two main structures, the Fossa cone and the surrounding areas 
and each ones is subdivided in several region, 2 for the cone and 3 for the neighbouring areas,  
based on their morphological features. 
Summit crater area 
This zone comprises the present-day crater area and the close summit structure, limited at the NE, 
SE and SW by 295 m, 391 m and 350 m high crater rims, respectively (Appendix II). The other 
sectors are limited by a change in slope from 5 to 30 degree, passing to the other morphological  
sectors of the cone. 
In the summit crater area were recognised 6 crater 
rims (Fig 2. 9). The most recent ones are located 
on the W margin of the summit crater area and 
were related  to  the recent  activity  of  the Fossa 
Cone, while the others were related to the older 
eruptions. 
In  the same sector  of  the summit crater  area 4 
cone-structures  were  identified  and  the  partial 
overlap  of  these  volcanic  highs  produced 
depressed and/or flat morphologies in the top of 
the Fossa cone.
The  recent  structures  comprises  three  cones 
(namely  C1,  C2,  C3  and  C4)  and  at  least  three 
poligenic crater (Cr4, Cr5 and Cr6) and are located 
on the SW side of the summit crater area (Fig 2. 9 
and Fig 2. 10).
The oldest cone C1 lies at SE margin forming the 
highest region of the Fossa cone (391 m asl). It is a 
NE-SW  trending  structure,  with  a  gently  slope 
(degrees) NE side, a steep-slope SE side, while on 
the SSW shows a horseshoe-shaped morphology 
(Br1,  Fig 2. 9).  The NW side is excavated by the 
crater depressions (Cr6, Cr5 and Cr4) and in the 
dissected area it is possible to observe the internal 
stratification (Fig 2. 12).
C2 is well preserved on the W and NW margin of the summit area (Fig 2. 10. The N side is not  
preserved (dissected by Cr5 and probably eroded) while at SE it is not well defined due to the 
presence of C1 and/or it is completely dissected by Cr6 (Fig 2. 11 and Fig 2. 12).
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Fig 2. 9. Craters of the Fossa cone. a) landslide scarps, 
b) crater rims, c) breaching sector, d) hydrographic 
network. See Appendix IIa to IId for morphological 
investigations.
C3 morphology it could be observed only in its eastern margin, while the internal structure could  
be observed in the western and south-western rims (Fig 2. 11 and Fig 2. 12). In the western margin, 
the  thickness  variation  of  C2-related  products  and  C3-related  products  suggests  a  southern 
migration of cone-forming activity between C2 and C3 (Fig 2. 11).
The youngest cone C4 lies within Cr5 and Cr4, it is partially overlapped to C1 at SE and to C2 at S  
and it is dissected by Cr6 (Fig 2. 9, Fig 2. 10 and Fig 2. 11).
Cr4 intersects C1 and the older structures of the summit crater area, while it is intersected by Cr5 
and Cr6. It is partially filled by C2 and C3 and by the recent products (Fig 2. 11, see chapters 4, 5 
and 6). Cr5 intersects C2 and and Cr4, it is partially filled by C3 and by the recent products (Fig 2.  
11, see chapters 5 and 6). Cr6 is a poligenic 540x520 m wide crater that dissected all the previous 
structures. The stage of formation of Cr6 were treated by Mercalli and Silvestri (1891), Dellino et al 
(2010) and is discussed in detail in the chapters 4, 5 and 6.
Cone-flanks area
The  flanks  of  the  Fossa  cone  are  subdivided  into  8  different  sectors  on  the  basis  of  their 
morphological features and named Sec 1 to Sec 8 (Fig 2. 13).
The Sec 1 is the NE sector and its composed by an articulate morphology made by a convex flank, a  
lobe-shaped base and a finger-shaped limit with the sea. The hydrological network is radial but it is 
not well defined due to the small-scale, continuous change in slope (Appendix II).
The Sec 2 is a small sector on the ENE flank. The 
hydrological  network  is  not  well  define  and the 
slope  is  very  regular  (Appendix  II).  It  is 
characterised  by  the  presence  of  an  horseshoe-
shaped area limited in the upper part (at  ~200 m 
asl) by an arc-shaped scarp of about 20 m high. 
The  base  of  this  sector  is  characterised  by  a 
vertical cliff to the sea (Appendix II).
Sec 3 is a wide, concave sector, from the eastern 
to the south-eastern flank and it is characterised 
by an homogeneous decrease in the slope, with a 
a well  defined net of  rills  and gullies (Fig  2.  12, 
Appendix II).  The gullies are narrow (2-3 m) and 
deep (3-4 m) and are radially directed. 
The slope gently change from 30 to ~7 degrees This sector is limited at its base by the Roja valley.
The Sec 4 is quite similar to Sec 3, but the hydrography is more defined with deeper (up to 10 m)  
and wider (up to 30 m) gullies and few rills. The slope change from 30 to 15 degrees but some  
abrupt  in  the  general  morphology  are  also  present,  forming  high-elevation  change  in  slope 
(Appendix II). It is extend from SE to SW of the Fossa cone and passes at its base to the Palizzi  
valley. 
Sec 5 extend from SW to NW and it is very similar to Sec 3 but the hydrological network is worst  
defined, with few gullies and a continuous net of rills (Appendix II, Fig 2. 12). This flank passes at its 
base to the wider area of the Palizzi valley at W and to the Vulcano Porto plain at NW.
The Sec 6 is very similar to Sec 4, with deep (4-5 m) and wide (10-15 m) gullies and few rills. The  
slope  change  from  25  to  15  degrees  (Appendix  II).  As  Sec  4,  some  abrupt  in  the  general  
morphology are also present, forming high-elevation change in slope (Appendix II). It is extend at  
the NNW side of the cone flanks and its basal limits to the Vulcano Porto plain.
Chapter 2. Pag. 17
Fig 2. 10. Cones formed during the last 1000 years.
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Fig 2. 11. Main features of the craters and cones observed from in the Summit Crater Area from external point 
of views. a) from east, b) from south-east, c) from north, d) from south.
Fig 2. 12. Main features of the cones observed from external point of views. a) from north-est (Vulcanello 
platform), b) from west, c) from south, d) from south-east (Vulcano Porto-Piano road); continue
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Fig 2. 12. e) south-east (between Mt. Saraceno and the Palizzi valley), f) from south-east (between Palizzi and 
Roja valleys), g) from south-east (Piano area), h) east (eastern Fossa Caldera border)
Sec 7 is the most articulated zone of the Fossa cone flanks due to the presence of two overlapped, 
eccentric cones and related craters: the Forgia craters (Frazzetta et al 1983), named CrF1 and CrF2 
from the older to the youngest. The CrF1 is the higher-most and larger crater, with a 130 m wide 
diameter and an elevation of 170 and 125 m asl of the N rim and of the bottom of the crater, 
respectively (Appendix II). The inner side of the crater have an average slope of 25 degrees, while 
the outer slope forms a small cone, changing slope from 30 to 20 degrees. The CrF2 is located  
lower respect to the first (crater bottom 97 m asl) and it is smaller than the CrF1 (104 and 112 m  
wide diameters). It is partially excavated in CrF1 and on its flank. CrF2 flanks have an average slope  
of 25 and 30 degrees, for the inner and outer flanks respectively. Sec 7 are limited to Sec 6 and Sec  
8 by two radial deep gullies (10-15 m). Sec 8 is a concave sector, with a quite constant decrease in 
slope (from 35 to 20 degrees) and it is relatively flat in tangential direction. Some small, vertical  
cliff are present and the highest one (up to 5 m) limits it base (Spiaggia di Levante, Appendix II). 
Ring plain 
The ring plain around the Fossa cone is subdivided into three main zone: the Roja valley, the Palizzi  
valley and the Vulcano Porto plain (Fig 2. 13, Appendix II). The Roja is a deep and narrow valley,  
superimposed on the ENE-WSW faults that controlled the collapse of the Fossa Caldera (Ventura 
1994). The conjunctions with the gently slope of the cone (Sec 3) and the northern caldera wall are 
marked by abrupt transitions made by several change in slope (terraces). The bottom of the valley 
is characterised by several small vertical cliffs (average 5 m high) and the valley ended in to the see  
by a 10 m vertical cliff (Appendix II). The Palizzi is a NNW-SSE valley, it is superimposed on the 
western faults that controlled the collapse of the Fossa caldera and its larger than the Roja valley.  
Its morphology is much articulated and could be sub-divided in to 3 zones. From SSE to NNW, it 
changes from a 20-30 wide valley with 
average 8-6 degrees of flank slope in the first sector, passing to  a 10-15 wide valley with average 
25 degrees of flank slope in the second zone, to a 30-50 wide valley with average 10 degrees of 
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Fig 2. 13. Sub-division of the cone-flanks and ring plain areas.
flank slope in the area of conjunction with the Vulcano Porto plain. On the flanks at least three 
order of terraces were recognised, namely Tr1 to Tr3 (Fig 2. 14). The Vulcano Porto plain comprise 
the sector of the island limited at S by the Fossa cone, at W by the Mastro Minico-Lentia dome 
complexes, at SW by the Palizzi valley, at N and E by the sea and it  passes at NE to the Vulcanello  
peninsula by the Vulcanello “isthmus”.  
These  limits  define  different  “conjunction  zone” 
from  the  others  morphological  structures  to  the 
centre of the plain, where the Vulcano Porto town is 
located (Fig 2. 15, Appendix II).
The junction with the Sec 5 of the cone is regular, 
due to the gently  slope degradation,  while  at  the 
margin of the Sec 6 and Sec 7 the passage to the 
plain  is  more  articulated.  The  western  margin 
between the vertical Lentia domes and the flat plain 
is constituted by and intermediate zone of regular 
slope (10-20 degrees).
The Vulcanello isthmus is a ~550 m long and ~320 
wide area and it contains several ephemeral  pond 
during the rainy periods (Fig 2. 15).
2.3.2 Unconformities
The major unconformity recognised in all the investigated area (S1) is constituted by a large scale  
erosional  surfaces,  laterally  continuous with a well  developed brown paleo-soil,  rich in organic 
matter, or in a brown-reddish hard-ground (Fig 2. 16) and it corresponds to the surface underlying 
the Vulcanello Peninsula (Fusillo 2008; Fusillo et al 2010). In the plains surrounding the cone, on 
the Fossa Caldera  walls  and on  the Vulcano Primordiale-Piano edifice,  S1  is  a  well  developed 
surface, corresponding to low-amplitude erosional surfaces, angular unconformity, bypassing/non 
-depositional surface or a not well developed (eroded?) paleo-soil (Fig 2. 16).
This unconformity defined the boundary between the products of the most recent eruptive epoch,  
Recent  Vulcano  Eruptive  Epoch  (RVEE),  and  the  rocks  of  older  (undifferentiated  in  this  work) 
eruptive period, the Old Vulcano Eruptive Period (OVEP, generic therm to define the products older 
than 1000 years, see De Astis et al 2006 for descriptions).
A second order unconformity, used in the reconstruction of the general stratigraphy and for the 
geological  mapping of the Fossa cone, is a well developed unconformity (S2),  especially in the 
summit crater area (Fig 2. 17). On the cone flanks it correspond to a well defined net of gullies on 
the previous deposits laterally passing to an pinkish-brown hard-ground (Fig 2. 16 and Fig 2. 17). In 
the plains surrounding the cone and on the Fossa Caldera walls, S2 is a planar or low-amplitude 
erosional or non-depositional surface (Fig 2. 17). On the Vulcanello peninsula, it correspond to a  
well developed erosional surface or to a dark-brown paleosoil (Fig 2. 17, Fusillo 2008; Fusillo et al 
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Fig 2. 14. Terraces in the Palizzi valley 
Fig 2. 15. Vulcano Porto ring plain
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Fig 2. 16. Features of the recognised unconformities: 1) S1, 2) S2, 3) S3, 4) low-order unconformities
2010).  S2  define the boundary  between two eruptive  clusters,  the Palizzi-Commenda Eruptive 
Cluster (PCEC) and the Gran Crater Eruptive Cluster (GCEC). These two stratigraphic unit partially 
correspond to the Palizzi-Commenda and Pietre Cotte cycles of Frazzetta et al (1983) and to the 
Palizzi 2-Carruggi and Gran Cratere formations of De Astis et al (2006).
Several  third-order  unconformities  were 
recognised,  but only one is considered useful  to 
the geological mapping (Fig 2. 16 and Fig 2. 17). It 
is well exposed on the cone flanks in the southern 
and  south-eastern  side  and  in  the  Palizzi  valley 
(S3). It is represented by a net of rills and funnel-
shaped gullies, 50 cm to 1 m deep. In the other 
studied  sectors,  S3  is  a  planar  or  gently  sloped 
surface,  with  rare  small-scale  rills  (Fig  2.  17). 
Others  small-scale  erosional  features  were 
recognised  but  are  interpreted  as  the results  of 
erosion  during  the  emplacement  of  pyroclastic 
materials  (impact  craters  due  to  ballistics  and 
erosional surfaces due to PCDs, see chapter 4). S3 
define the boundary between two eruptive units 
(eruptions), the Palizzi Eruptive Unit (PEU) and the 
Commenda Eruptive Unit (CEU). The others third-
order  unconformities  are  not  useful  to  the 
geological mapping because the bad preservation 
and areal discontinuity of each unconformity. 
2.3.Stratigraphic unit 
Given  the  hierarchy  of  the  unconformities,  two 
eruptive  clusters  (PCEC  and  GCEC)  and  two 
eruptive units (PEU and CEU, subunit of the PCEC) 
were  mapped.  In  the  GCEC at  least  11 eruptive 
units recognised, corresponding to the products of 11 distinct eruptions (Tab 2. 4). 
For each eruptions several phases of eruptive activity and reworking processes were also identified 
(Appendix III,  see following chapters).  Two additional  units,  Fossa C and Fossa R, were defined 
using a cartographic artefact.
Several lithostratigraphic units were also mapped, due to their stratigraphic and/or morphological 
relevance at local (sectoral) scale (Appendix III; Fig 2. 17).
Palizzi Eruptive Unit
It is bounded ad the base by S1. Based on their lithological features, it was possible to identify 7  
different sub-units, designated Pal A - G (Appendix III, Fig 2. 18).
Pal A and Pal C are similar and are constituted by a series of coarse and fine ash laminae, well 
sorted,  composed by black and gold scoriae,  loose plg  crystals  and very rare  grey lava lithics.  
Massive laminae to wavy-bedded laminae, made-up by the same components, are interbedded in 
the series. This latter facies is very abundant on the top of both sub-units, but the top of Pal C is  
rich in white, rounded, rhyolitic pumices (components of Pal B). 
Pal B and Pal D are two massive, grain-supported, very well-sorted pumice deposits. Pumice in Pal 
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Fig 2. 17.Features of the recognised unconformities on 
the Vulcanello platform.
B 
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Fig 2. 18. Main features of the Palizzi Eruptive Unit. See Appendix III for descriptions.
are white, rhyolitic in composition (Fig 2. 18, Frazzetta et al 1983; Roverato 2008; Todman personal  
communication) and contains black enclaves (mafic?), while pumices in Pal D are grey and trachitic  
in composition (Fig 2. 18, Frazzetta et al 1983; Roverato 2008; Todman personal communication). 
Pal B contains also grey lava lithics and loose px and qz crystals, while Pal D contains abundant 
black obsidian clasts, loose crystals of px and fls and few lava lithics.
Pal  E comprises three lava units  (Fig 2.  18),  composed by one or more flow units,  trachitic  in  
composition  (Roverato  et  al  2008;  Todman  personal  comunication)  that  cropped  out  on  the 
southern  (Palizzi  Lava  flow;  Frazzetta  et  al  1983),  north-western  (Campo  Sportivo  lava  flow; 
Frazzetta et al 1983) and north-eastern side (Punte Nere lava flow; Frazzetta et al 1983) of the  
cone.
Pal F is a rhyolitic lava flow (Roverato et al 2008; Todman personal comunication), that cropped out 
in the southern side, near the Palizzi lava flow (Fig 2. 18), correspond to the Commenda lava flow 
of Frazzetta et al (1983).
Pal G is a cross- to wavy-bedded, sand to coarse sand deposit that cropped out mainly ant the base 
of the cone, near the main valleys and showing maximum thickness (up to 2 m) into narrow gullies.
It is composed mainly by black scoriae, golden scoriae, loose plg crystals, white and grey pumices  
and very rare grey lava lithics and obsidian clasts (Fig 2. 18).
For the propose of this study, only the unit Pal E and Pal F were marked with different symbols in 
the map (Fig 2. 7).
Detailed study on the Palizzi eruption is reported in chapter 3.
Commenda Eruptive Unit
CEU lies on the unconformity S3 and eight main sub-unit were recognized, namely Commenda 
Grey Ash (CGA), Commenda A (CA), Commenda B (CB), Commenda B1 (CB1), Commenda B2 (CB2),  
Commenda  B3  (CB3),  Commenda  C  (CC)  and  Commenda  C1  (CC1).  Several  low-order 
unconformities were identified within the succession, suggesting several distinct phases and pulses 
of volcanic activity (Fig 2. 19, Appendix III).
In the lower part of the succession (CGA, CA and CB) three white ashy layers are present (Fig 2. 19), 
constituted  by  white  pumices,  white  pellets  or  accretionary  lapilli  and  black  obsidian  clasts, 
rhyolitic in composition (yet idenfied by Gurioli and Sbrana 1999 and attributed to the Mt.Pilato-
Rocche Rosse Tephra, Dellino and La Volpe 1995).
CGA deposit is made up by two distinct gray ashy layers, composed by altered lithic ash, (CGA1 and 
CGA2;  Fig 2. 19) and are inter-bedded with the first layer of the Mt Pilato-Rocche Rosse Tephra 
(PRa),  with  some evidence  of  contemporaneous  depositions  of  CGA2 and PRa (Fig  2.  19;  see 
Chapter 4 for detail description).
CA deposit is constituted by four distinct levels, CA0 to CA3 (Fig 2. 19). Where preserved, it is 
generally overlies the first layer of PR, with little erosion between the two deposit.
CA0 is structured as coarse-grained and fines-poor, discontinuous lenses or layers of coarse lapilli  
to boulder-size clasts, cropping out at the base of the cone and in more distal sections, mainly in 
the SE sector (SE foot of the cone and on the Primordial Vulcano E-flanks). The discontinuous layers 
and lenses are poorly sorted and constituted by both coarse lapilli and boulder-size clasts. Fig 2. xx 
show the maximum clasts dimension in the studied outcrops. 
The CA1 deposit is a  polimittic, fines-poor, mainly clast-supported deposit, found as continuous 
layer  or  in  discontinuous lenses.  It  is  generally  normally  graded,  but  in some outcrops  CA1 is  
massive, richer in fine-ash with an abundance of coarser clasts (Fig 2. 19).
The CA2 deposit is constituted by a sequence of fine-poor and fine-rich cross-bedded laminae. 
Each laminae is normal graded and a general normal grading of the CA2 sequence is observed. CA2 
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outcrops only in the Palizzi valley and it always overlies the CA1 with a sharp contact, while in the 
northern and southern area CA2 is absent.
CA3 is a polimittic, massive and chaotic mud-and-pebble deposit. It crops out only in few outcrops 
in the Palizzi valley and in the Baia di Levante areas.
The Commenda B (CB) consists in a polimittic, massive breccia deposit (Fig 2. 19). This sub-unit has 
a radial dispersion at the base of the La Fossa cone, with change in its geometry in the different  
cone's sector.
Both CA and CB units are composed by lithic clasts, composed by altered and very-altered lavas 
and rarely altered scoriae. 
CB1 sub-unit is a sequence of gray, massive, accretionary lapilli-rich ash layers, composed by lithic 
fine-ash and clay minerals, showing always planar bedding.
Within the basal layers, two rhyolitic, white ash layers (PRb and PRc) were recognized and related 
to the Mt.Pilato-Rocche Rosse eruption (Gurioli and Sbrana 1999; see Chapter 4 for details).
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sequence of massive, chaotic, matrix- to clast-supported, sand and block deposits. It cropped out 
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Fig 2. 19. Main features of the Commenda Eruptive Unit. See Appendix III for descriptions.
mainly ant the base of the cone in the NE sector and showing maximum thickness (up to 1 m) into  
narrow gullies  (Fig  2.  19).  It  is  constituted by  pale-red,  lithic  sandy matrix  and polimittic  lava 
boulders (Fig 2. 19). Cb3 ss a massive mud, hardened deposit, cropping out only in few sections in 
the Palizzi  valley.  The  geometry  of  this  deposit  is  lenticular,  lying  beneath  CB1 and filling  the 
morphological lows on the top of CB. Commenda C (CC) is a sequence of yellow-brownish, red and  
gray layers forming a large tuff cone structure (C2 cone, see sub-paragraph Morphology) on the top 
of the volcano and a widespread tephra sheet in the surrounding zones (Fig 2. 20). All the CC layers 
are  composed  by  lithic  fine-ash  and  clay  minerals.  Lot  of  very  low-order  unconformities  are 
recognised within the CC sequence (Fig 2. 20). 
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CC1 is a sequence of massive, chaotic, matrix-supported, mud and block deposits. It cropped out 
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Fig 2. 20. Main features of the Gran Cratere Eruptive Cluster. See Appendix III for descriptions.
mainly ant the base of the cone, near the main valleys and showing maximum thickness (up to 2  
m) into narrow gullies (Fig 2. 19). It is constituted by pale-red, lithic ash matrix and polimittic lava 
boulders. Detailed study on the Commenda eruption is reported in Chapter 4. 
Gran Cratere Eruptive Cluster (GCEC) 
This unit comprises 9 eruptive units and within each unit several unconformities are  recognised 
(Tab  2.  5).  Synthetically  the  sequence  is  composed  mainly  by  parallel-bedded,  lapilli  to  ash, 
obsidian-rich deposits.  Massive to crudely-stratified,  lapilli  to  bombs,  pumice and obsidian-rich 
deposits and massive to stratified, ash to fine-ash, lithic-rich deposits composed several sub-units 
within al the GCEC sequence (Appendix III,  Fig 2. 20). Massive to cross-stratified, sand to cobble, 
obsidian-rich  deposits  are  interbedded in  the  GCEC succession  (Fig  2.  20).  Although,  only  the 
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Fig 2. 21. Main features of the Fossa R and Fossa C units. See Appendix III for descriptions.
UPCa2 sub-unit (Pietre Cotte Lava flow, Frazzetta et al 1983) was mapped, due its mappability and 
stratigraphic  relevance  (Fig  2.  7).  Detailed  studies  on  the  Gran  Cratere  Eruptive  Clusters  are 
reported in Chapter 5. 
Fossa C and Fossa R 
Fossa C unit is defined by S1 at the base and comprise all the units of the RVEE (Fig 2. 21). The use 
of this unit is limited to the areas were the succession of the last 1ky is condensed or incomplete  
due to erosion or non-deposition. It is used to map the small zones covered by tephra in distal  
areas (Piano or Vulcanello). Fossa R, as Fossa C, unit is defined by S1 at the base and comprise all  
the units of the RVEE (Fig 2. 21). This unit is limited to the areas were the succession comprise a lot  
of channel-shaped erosion and/or a large amount of reworked material inter-bedded between the 
primary deposits (Palizzi valley and Vulcano Porto plain). At least three sub-unit were identified 
(Tab 2. 5), namely Fossa R1 to R3, but they were not used to the geological mapping due to the  
difficulty  to  determine  their  actual  areal  extension.  The  significance  of  Fossa  R  units  will  be 
discussed later during the paragraph Morphostratigraphy. 
2.3.4 Tephrostratigraphy and Chronology
The  tephrostratigraphycal  reconstruction  has  been  conducted  trough  the  analysis  of  the  170 
stratigraphic sections, but the main informations were provided by the 31 trenches dug on the 
Vulcanello platform and on the ring plain that surround the Fossa cone, in the western side at the 
base of the Mastro Minico-Lentia complex, in the Vulcano Porto plain and in the southern-side, 
between the Palizzi and the Roja valleys (Fig 2. 22).
The stratigraphy of the volcanic succession were summarised in synthetic logs (Appendix I) coming 
from  the  natural  outcrops  studied  in  seven  sectors  of  the  cone  (southern  flank-Palizzi  valley, 
summit crater area, south-eastern flank, Punte Nere-Levante bay, Campo Sportivo, Pietre Cotte-
Forgia craters,  Fossa Caldera wall-Vulcano Primordiale flank) and from the 3 sector where the 
trenches were dug.
Given the absence of geo-chronological data on the S1 paleo-soil, the age of the renewal of the 
eruptive activity at the Fossa cone could be dated using the stratigraphical relationship with the 
Vulcanello products (lies on S1). The presence of the rhyolitic tephra layer, related to the Pal B sub-
unit (Fig 2. 22; Roverato 2008, Todman pers. comm.), on the top of the Vulcanello lava platform 
(V.llo I) allowed us to assert that the second unit of the Palizzi eruption was emitted after the 
1230±30 AD (younger age of the Vulcanello platform, Arrighi et al 2006).
This data is also confirmed by others archeo-magnetic data of the Pal E and Pal F lavas, dated by  
Arrighi et al (2006) at 1170±20 AD (Pal E, Punte Nere lava), 1230±20 AD (Pal E, Palizzi lava) and 
1250±100 AD (Pal F, Commenda lava).
Scant  the direct  contact  between the Pal  E  and Pal  F  lavas,  the relative  stratigraphic  position 
between the lavas was not defined in the field. At the same times, Cannata (2008) hypothesized 
that the Pal F rhyolite is older than the Pal E trachites, based on the genetic relationship between 
the rhyolite and its latitic enclaves by Assimilation and Crystal Fractionation (AFC) processes.
The products of the Commenda Eruptive Unit directly overlie the Pal E and Pal F lavas, given an age  
of post- 1230±20 AD (Pal E, Palizzi lava) and post-1250±100 AD (Pal F, Commenda lava) for the 
starting phase of this eruption, while the end of the Commenda eruption is not constrained.
The age of S2 is posed at AD1444 based on historical chronicles (Mercalli and Silvestri 1891).
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Fig 2. 22. Pictures of the stratigraphic sections (outcrops and trenches) used to reconstruct the 
tephrostrigraphic framework of the last 1000 years of eruptive activity in Island of Vulcano
In the GCEC succession on the flanks of the Fossa cone, some deposits are only locally dispersed 
and they constituted a good “sectoral marker” (F1 and F2), other layer are widespread and the 
correlation between the different zones of the cone is easy (LPCa1, LPCa2, LPCb1 and AD1888-90 
eruption), while other tephra beds have been correlated trough the studied area only by matching 
the stratigraphical  framework with the morphological-textural-chemical “fingerprinting” of their 
components (Fig 2. 23; Lorieri 2009). In particular, 8 tephra beds were recognized as isolated ash-
layers or laminated ashy-sequence (UPC a1, UPCa4, UPCa5, UPCa6, UPCa7, UPCb1, UPCb2 and 
UPCb3).
The age of each eruption of the Gran Cratere Eruptive Cluster is discussed in Chapter 5.
Its worth to remark that Arrighi et al (2006) also dated the UPCa2 unit (Pietre Cotte lava; Frazzetta  
et al 1983) at 1720±30 AD (according to historical reports; Mercalli and Silvestri 1891, De Fiore 
1922; see Chapter 5 for details).
2.3.5 Morphostratigraphy
Cone-built and lithosome
The morphological relationship between C1, C2, C3 and C4 and the analysis of their pyroclastic 
successions allowed to relate each cone to C1 to PEU, C2 to CEU and C3 and C4 to the different 
eruptions of GCEC.
C4 is made up by a pile of massive to stratified scoriaceous deposits, rich in obsidian clasts. Some 
spatter agglomerates were found on the western margin. The angular unconformity between C4 
and the other cones (Fig 2. 11) allowed to interpret these cone-forming deposits as the proximal 
succession of the 1888-1890 eruption, the last explosive event of the GCEC.
C3 is  made  up  by  a  pile  of  massive  to stratified  scoriaceous  and pomiceous deposits,  rich in 
obsidian clasts. The grain-size vary from bombs to coarse lapilli, with rare coarse to fine ash layers. 
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Fig 2. 23. Correlations between different GCEC ash-layers using the abundance of particles with the same 
external morphology (modified after Lorieri 2009). Given the UPCa7 areal distribution (see Chapter 5), this 
layer has been considered as a good tephrostratigraphic marker at least in the western, southern and eastern 
sector of the Fossa cone.
Stratigraphic reconstruction (Roverato 2008, Lorieri  2009, this work; see chapters 5 and 6) and 
historical chronicles (Mercalli and Silvestri, 1891) allowed to interpret these cone-forming deposits 
as the proximal succession of the GCEC. Detailed reconstruction of the phases of cone building and 
destruction by crater formation is reported in the chapters 5 and 6.
C2 is made by a sequence of stratified ashy layers, composed by very altered, lithic ash, rich in 
plastic  deformation,  small-scale  erosion  channels  and  gravitative  slumps  (Fig  2.  11).  The 
stratigraphic position and the lithological features permitted to relate C2 to CEU, in particular to 
the CC eruptive phase. Detailed reconstruction of the phases of cone building and destruction is 
reported in the Chapter 4.
C1 pyroclastic succession it is not directly observed, due the difficult to reach the part of the cone 
excavated  by  Cr4,  Cr5  and  Cr6.  However,  the  relationship  between  the  three  cones  and  the 
presence of abundant ash deposits in the PEU, allowed to speculate that C1 could be a cinder cone 
piled up by the Palizzi eruption. The presence of an horseshoe-shaped sector in the southern-side 
of the cone (Br1), in the same side of the Palizzi Lava flow (Pal E) and the Commenda Lava flow (Pal 
F), suggest (but not prove) that this is could be a breached sector of the cone linked with the lava 
flows emission.
As reported in Chapter 5, based on stratigraphical and historical reconstructions, the flank vents 
“Forgia  craters”  CF1-CrF1  and  CF2-CrF2  were  built-up  during  the  initial  phases  of  grew of  C3 
(Mercalli and Silvestri 1891).
Given  these  morpho-stratigraphical  relationship  six  lithosome  were  identified:  the  Palizzi 
Lithosome  (PL),  the  Commenda  Lithosome  (CL),  the  Forgia  1  Lithosome  (F1L),  the  Forgia  2 
Lithosome (F2L), the Gran Cratere1 Lithosome (GC1L) and the Gran Cratere 2 Lithosome (GC2L).
2.4 Discussions
2.4.1 Growth and erosion: the evolution of the Fossa cone during the last 1000 years
The identification of the phases of growth and erosion of the Fossa cone is crucial to understand 
the evolution of its volcanic system and its relations with the surrounding environment. This is the 
inevitable beginning to plan future studies with the aim to evaluate the volcanic hazard related to  
different eruptive styles and transport-sedimentation mechanisms.
The eruptive history of the Fossa cone in the last 1ky is expressed by the sequence of cone built-
growth-end on the summit crater area and erosion-sedimentation on the cone flanks and in the 
ring plain. While the cone-flanks documented the main sequence of the last 1ky, i.e., are the site of 
the main stratigraphic  reconstruction,  the summit crater  area allowed the morphostratigraphic 
reconstruction perfectly exposing the development of the Fossa main edifice via overlapping of  
small cones.
On the other side, the evolution of the ring plain surrounding the Fossa cone is linked mainly with 
the  deposition  of  the  volcanoclastic  sediments  coming  from  the  Fossa  cone  and  the  others 
topographic  highs  (Primordial  Vulcano,  Monte  Saraceno,  Mastro  Minico-Lentia  complex)  and 
secondarily from the accumulation of distal, primary volcanic deposits (tephra). In that way, the 
ring plain of the Fossa cone is at the same the site for the tephrochronological reconstruction and a 
perfect record of the phases of volcano erosion, that are counterpart-history of cone building in 
the summit crater area.
The chronology of the Fossa cone eruptions in the last 1000 years, were also intimately relate to 
the birth of the small volcanic complex of Vulcanello and to the evolution of the Mt. Pilato volcano 
on the Island of Lipari.
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2.4.2 Eruptive history
As proposed by  Fusillo  (2008),  Rosi  et  al  (2009)  and Fusillo  et  al  (2010),  the presence of  the  
rhyolitic pumices layer (Pal B) on the top of the Vulcanello platform, strongly support the idea of 
Arrighi  et  al  (2006)  that  the  activation  of  the  Vulcanello  system  was  close  in  time  with  the 
reactivation of the Fossa cone, during the late Middle Age (~1200 AD).
The deposits related to the last 1000 years, namely Recent Vulcano Eruptive Epoch, are separated 
from the older ones by an important unconformity (S1). The stratigraphic record of this period has 
been sub-divided into two main stratigraphic units,  namely Palizzi-Commenda (PCEC) and Gran 
Cratere (GCEC) eruptive clusters. The two clusters are separated by a second-order unconformity 
(S2).
The oldest eruptive cluster (Palizzi  Commenda Eruptive Cluster) comprise the Palizzi  (PEU) and 
Commenda (CEU) eruptive units, occurred in a very short time-sequence at ~1200 AD (age from 
Arrighi et al 2006), separated by a third-order unconformity (S3).
The Palizzi Eruption comprised different eruptive phases, probably it formed a cinder cone (C1) on 
the summit crater area and produced widespread tephra and at least two lava emission.
The Palizzi  eruption ended with the effusion of  three trachitic  lava flows (Punte Nere,  Campo 
Sportivo and Palizzi lava flows) followed by the effusion of a rhyolitic lava flow (Commenda Lava 
flow).  These  lava  flows  produced  a  significant  morphological  changes  on  the  cone-flanks,  in 
particular on the southern (Palizzi lava) and north-eastern (Punte Nere) flanks of the Fossa cone. In 
particular, in the southern flank the Palizzi lava formed a tongue-shaped lava lobe, that forced the 
erosion to affect its boundary making inversion of the relief and producing two deep (up to 10 m) 
and wide (up to 30 m), that channelised the majority of the flows (pyroclastic or reworked) in that 
sector. Contrariwise, on the north-eastern flank, the Punte Nere lava formed a “lava shell“ on this  
sector of the cone, characterised by an articulate morphology made by a convex flank (the inferred 
vent of the lava),  a lobe-shaped base and a finger-shaped limit with the sea. The hydrological  
network in this flank is radial but it is not well defined due to the small-scale, continuous change in  
slope  that  influenced  the  erosion-sedimentation  pattern  of  both  volcanic  and  volcanoclastic 
materials.
According with Arrighi et al (2006) and Roverato (2006), the Palizzi,  Campo Sportivo and Punte 
Nere lavas were emitted during the same effusive event (Pal E), just before the effusion of the 
Commenda lava flow (Pal F).
The lava emission was followed by the Commenda eruption, that started closely to the end of the 
Palizzi eruption. The Palizzi and Commenda eruptions were produced in a very short time, but a 
time gap in between occurred, as testified by the presence of a well developed unconformity that 
separate the two eruptive units (S3). This time-relation support evidence of a unique cluster of 
eruption during the renewal of activity of the Fossa cone (PCEC).
The Commenda Eruption comprised different eruptive phases and it led to a dramatical change in 
the morphology of the Fossa cone and hence in the erosion pattern during and after the eruptive 
event.
On the summit of  the Fossa cone,  the Commenda eruption formed a cone (C2) that rose the 
western margin of the crater area of at least ~80 m, while on the cone-flanks deposited a thick (up 
to 5 m) sequence of fine-grained, much coherent due the presence of hydrothermal minerals, ash 
layers. This sequence is thicker on the south-eastern flank (the main direction of the dispersal axis, 
see Chapter 4) and in the upper-most part of the north-western flank (more proximal), forming an 
impermeable substratum for  the subsequent erosion,  channelising the meteoric  water in a rill 
network that acted as source of water for the reworking of the post-Commenda eruptive products 
(Ferrucci et al 2005). The low-erodible nature of the Commenda fine-grained ashes are related also 
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to the formation of rock coating surfaces (Fulignati  et al  2002)  by volcanic aerosols,  dews and 
subordinately by rains acidified by interaction with acid volcanic gases.
The Commenda eruption influenced a lot also the 
major valleys at the base of the cone. In the Palizzi 
ones, the emplacement of a significant volume of 
a  massive,  breccia  deposit  (CB)  produced  a 
temporary filling of the valley with the consequent 
formation of small ponds. The subsequent erosion 
excavated the CB deposits, but the morphology of 
the valley has been influenced by the presence of 
a semi-coherent, up to three metres thick, block-
and-ash deposits, that forced the water to erode 
marginally respect to the centre of the previously 
filled valley (Fig 2. 24).
The  time  gap  between  the  Palizzi  Commenda 
Eruptive  Cluster  and  the  Gran  Cratere  Eruptive 
Cluster,  evidenced by the presence of  S2,  is  supported by the historical  chronicles,  posing the 
beginning of the GCEC at 1550 AD.
The most recent cluster of eruptions (Gran Cratere Eruptive Cluster) comprises at least 9 eruptions, 
that  produced deposits  separated by third-order  unconformities and that  are  characterised by 
different eruptive phase, separated by low-order unconformities. 
During the GCEC the third cone (C3) and forth cone (C4) formed in the summit crater area the four 
cone (C1, C2, C3 and C4) were partially dissected by three multistage craters (Cr4, Cr5 and Cr6). 
The two cones partially overlap in the southern rim of the summit crater area, while the northern 
rim of C4 lies within the depression formed following the excavation of Cr4 and Cr5.  Cr4 deeply 
dissected the cone formed during the previous eruption (Commenda) and its is located in a NNW 
position respect Cr5 and Cr6, while Cr6 is located at SSW respect to Cr5.
The syn-eruptive and post-eruptive reworking produced a stacking pile of sand and blocks deposits 
in the ring plain (Fig 2. 25). This sequence is now well exposed in the Palizzi valley, where it was re-
eroded forming a planar surface above it (TR2 terraces of Chapter 2). The inter-eruptive reworking 
formed (and currently form, Ferrucci et al 2005) small sand and blocks deposits on the cone-flanks  
and sand to fine sand lenticular deposits in the ring plain (Fig 2. 26).
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Fig 2. 24. Migration of the Palizzi valley in response to 
the emplacement of the CB deposit. 
Fig 2. 25. Sequence of pyroclastic and volcanoclastic deposits related to the Vulcanian activity of the GCEC 
(Palizzi valley). The ratio of primary vs reworked material is very low, meaning that, during the Vulcanian crises, 
the ring plain around the cone is mainly supplied of debris by secondary flows rather than primary volcanic 
sedimentation.
2.4.3 Summit crater area evolution by the overlapping of volcanic cones
The recent activity was centred in the western sector of the Fossa cone (see also chapters 3, 4, 5  
and 6), forming the C1, C2, C3 and C4 cones. These cone-forming events rose the western zone of  
the summit crater area of about 80 m (based on the DEM calculations, considering the base and 
the top of C1 and C2). The three cones overlapped only partially, due to change in vent location 
and crater excavation. These latter factor had a minor effect on the shape of the summit crater 
area, because it is controlled only by the explosion that fragmented and ejected the largest volume 
of country rock (most energetic, Taddeucci et al 2010). On the other side, eruptions that ejected 
lesser amount of wall-rocks are able to build volcanic cones on the top of composite cones with 
different morphologies and volume, depending on their eruptive stiles and intensity (Sumner 1998, 
Hobden et al 2002, Yasui and Koiaguchi 2004; see also chapters 4, 5 and 6).
2.4.4 Cone-flanks evolution and the formation of the “onion-like” structure
The  sectors  of  the  Fossa  cone-flanks  evolved in  different  way  due  to  the  amount  of  volcanic 
material accumulation during the eruptions and, locally, to the occurrence of structures the flank 
instability or the location of the eccentric vents.
Summarising, except for Sec 2 and 7, the Fossa cone flanks are dominated by sheet (Sec 3 and 5) or 
in-channel erosion (Sec 1, 4 and 6).
Sec 2 and Sec 7 are affected by slope instability characterized by rotational sliding (as observed 
also by Frazzetta et al 1980; Frazzetta 1987; Bonaccorso et al 2010 and references therein).
Sec 7 is characterized by steep slopes, fracturing, intense fumarolic activity and rocks alteration 
also produced by the presence of the two Forgia eccentric vents CrF1 and CrF2 (as suggested by 
Bonaccorso et al 2010).
The Palizzi and Commenda eruptions produced a big pile of pyroclastic and volcanoclastic deposits 
and lavas that covered the entire volcanic edifice, while the GCEC deposited mainly on the south-
eastern flank (see chapters 3, 4, 5 and 6).
The pyroclastic sequences of the PEU and CEU were cut by few deep gullies, in the southern and 
northern-side, while the Pal E lavas (especially the Palizzi and Punte Nere lavas), formed a little-
erodible shell that make the products older than 1ky impossible to observe.
The northern-side of the cone was dissected by the explosion of the Forgia 1 and Forgia 2 craters, 
even  so  the  accumulation  of  tephra  from  these  vents  covered  the  oldest  products,  make 
impossible to observe the oldest ones.
The only sector of the cone-flanks in which the rocks older than 1ky are exposed is the NE sector, 
where the recent sequence was involved in the 1988 landslide (Bonaccorso 2010 and references 
therein).
These features clearly suggest that the recent products formed a series “concentric” shells around 
the older cone, resembling the structure of a onion, preserving the older products and make it 
impossible to observe. Therefore, the thickness of these “shells” depends to the amount of tephra 
accumulated, while the availability of the older products to outcrops depends mainly to the type of 
cover-rocks  (low erodible  lavas  vs  high  erodible  pyroclasts)  and to  the type of  erosion  (sheet 
erosion, in-channel erosion, unstable sector due steep slopes, fracturing, intense fumarolic activity 
and rocks alteration).
2.4.5 Ring plain evolution and the importance of the “ring plain units”
The zones around the Fossa cone evolved in two different way:  a zone of mainly erosion and 
tephra accumulation, with minor volcanoclastic sedimentation (Palizzi and Roja Valley), and a zone 
of large volcanoclastic sedimentation, with small erosion and minor tephra accumulation (Vulcano 
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Porto plain).
The Palizzi and Roja valleys evolved trough phases of valley fill due primary, syn-eruptive and post-
eruptive deposition and phases of erosion. These phases produced variation in the morphology of 
the valley and the formation of terraces. Given the absence of big tectonic uplift and large see-
level change in the area in the studied period (Scicchitano et al 2010), the terrace-forming phases 
are  related to the interplay between the pattern of erosion-sedimentation in the valleys and the 
uplift-subsidence of the Fossa cone due to the magma accumulation and withdrawal.
The Vulcano Porto  plain,  on the other  side,  evolved in  response to the amount of  sediments 
coming from the neighbouring highs, mainly the Fossa cone. This factor is strictly relate to the 
erosive phases on the cone-flanks an in the Palizzi valley, forming a pile of volcanoclastic deposits  
during  the  syn-eruptive  and  post-eruptive  phases,  sealing  the  tephra  accumulated  during  the 
madium- to large-scale explosive eruptions, and producing low-amplitude unconformities during 
the inter-eruptive phases or non-depositional surfaces during the small-scale eruptions.
This  model  of  sedimentation  and  erosion  via  forestepping-backstepping  aggradation  of  the 
volcanic and volcanoclastic deposits in large composite cone were yet recognised by de Rita et al  
(1997; Roccamonfina Volcano,  Centre Italy)  and Palmer and Neal (1997, Egmont Volcano,  New 
Zealand),  for a mafic intra-caldera environment by Neméth and Cronin (2009) for the Ambrym 
Volcano (Vanuatu Islands), and for small composite cones by Ferrucci et al (2005) studying the 
present-day (post 1888-1890 Vulcanian eruption) volcanoclastic deposits of the Fossa cone.
2.4.6 A proposal of a new geological mapping nomenclature in young volcanic areas
The morphological and stratigraphic relationships between the ring plain and its deposits with the 
Fossa cone and the others topographic highs, highlight the importance of the unit Fossa R, defined 
as a succession, limited at their bases by S1, that comprise a lot of channel-shaped erosion and/or 
a large amount of reworked material inter-bedded between the primary deposits.
Given this  definition, Fossa R represent not only an UBSU but also a morphostratigraphic  unit 
enclosing the concept of “ring plain unit”, as a unit defined by a recognisable planar morphology 
(the ring plain) that is defined by a basal unconformity (S1) relates to a defined Eruptive Epoch 
(Recent Vulcano Eruptive Epoch) and that comprises primary volcanic (pyroclastic deposits and 
lavas),  volcanoclastic  (syn-eruptive,  post-eruptive  and  inter-eruptive)  and  epiclastic  deposits, 
disrespecting their origins and style of transport and deposition.
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Fig 2. 26. Examples of reworked successions in the ring plain (Fossa R unit, Vulcano Porto town). The primary 
layers are very thin, while the accumulation of the reworked materials built up a pile of sand and mud deposits 
both in medial location (a), that in zones more distal respect to the Fossa cone (b).
2.4.7 Comparison with the previous reconstructions of the Fossa cone evolution
The  stratigraphical  architecture  proposed  here  shows  a  perfect  correlation  with  the 
archeomagnatic  age  proposed by  Arrighi  et  al  (2006),  slightly  difference with the  stratigraphy 
proposed  by  Roverato  (2008)  and  Lorieri  (2009)  but  significant  differences  with  the  previous 
proposed by the other authors (Frazzetta et al 1983; Frazzetta et al 1984; De Astis et al 2006).
The differences mainly regard the chronological  relationship between Vulcanello and the Fossa 
cone, the positions of the Pal E and Pal F lava units, their age and the relations with the pyroclastic 
units.
The main stratigraphic differences regard the position and age of the three trachitic lavas (Palizzi, 
Campo Sportivo and Punte Nere, Pal E in this work) and of the rhyolitic Commenda lava (Pal F in 
this work).
These stratigraphic and chronological divergences offer a different scenario for the evolution of the 
Fossa cone.
For Frazzetta et al (1983) and Frazzetta et al (1984), the different position and age of the three 
trachitic lavas allowed the definition of the “five cycles”, or “formations” for De Astis et al (2006)  
and Dellino et al (2010). For these Authors, each cycle started with the emplacement of pyroclastic  
material and ended with the effusion of a lava flow. In that way, they reconstructed the evolution 
of the entire activity of the Fossa cone and also proposed its entirely morpho-structural evolution.
The evolutionary model proposed in this work completely altered the “cyclical” behaviour of the 
Fossa cone and also limited the morpho-structural evolution only the last 1000 years.
The cone evolved trough the last 1ky was characterised by several eruptions, concentrated in two 
clusters.
In this way the main structure of the cone was built during the previous eruptive epochs, which 
was a period characterised by a series of “cone-building” eruptions. The products of this explosive 
activity are not exposed both on the cone-flanks nor in the ring plain,  while the post-AD1000 
eruptive activity led to the edification only of the western side of the summit crater area, to the 
“epidermic pyroclastic shell” that covered the cone-flanks and to the main sequence that form the 
upper part of the ring plain. 
Given  this  framework,  the  “geophysical  anomaly”  (tephritic  lava  pile  or  dome)  recognised  by 
Blanco-Montenegro et al (2007) and Barde-Carbusson et al (2009) is difficult to interpret as linked 
with a specific phase of the cone-building, but it support the model “onion-like” structure of the 
Fossa  cone,  in  which  the  older  products  are  not  exposed  but  primarily  contributed  to  the 
edification of the volcanic edifices.
The introduction of the concept of volcanic cluster (Principe et al  2004) drastically change the 
“cyclical” pattern proposed by Frazzetta et al (1983), but at the same time it perfectly agree with 
the “cycles” of cone growth and destruction of stratovolcanoes proposed by Zernack et al (2009). 
In that sense, a cycle of cone growth correspond to the studied Recent Vulcano Eruptive Epoch, in 
which the volcano restarted its activity after a period of quiescence (evidenced by S1), change the 
vent location (western migration) and built-up its structures trough the overlapping of different 
cones (C1, C2, C3 and C4) during different eruptions. The presence of two different clusters may  
represent the different magma supply rate during the initial and on-going period of cone-growth.
Many stratovolcanoes shows well-defined destruction-phases, characterised by sectoral collapse, 
as Mount St. Helens (Voight 1981), Tunghuraua (Hall et al 1999), Ruapehu (Lecointre et al 1998), 
Taranaki-Egmont (Zernack et al 2009), Stromboli (Tibaldi 2001, Di Roberto et al 2008) and/or small-
caldera collapse as Vesuvius (Rosi et al 1993) and Vulture (Giannandrea et al 2006). 
On the other side, Hobden et al (2002) identified several growth phases of Ngauruhoe cone in the 
recent  period,  filling  a  previous  formed  big  crater.  These  kind  of  cone-destruction  by  crater  
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formation, as the 1982 eruption of Chichon Volcano (Espindola et al 2000; Macìas et al 1998),  
seems to be the only that act on relatively stable, frequently active cones. The presence of large 
crater rims in the summit crater area of the Fossa cone, only in part formed during the post-1ky  
period (Cr4,  Cr5 and Cr6, see chapters 4,  5 and 6) probably represent the signatures of  these 
destructiveness event.
2.4.8 The age of the Mt. Pilato eruption
A crucial  point in the tephrological  studies on the Vulcano and Lipari  recent  succession is  the 
presence of the riolithic layers PR that are inter-bedded with the Commenda EU at its base, and 
hence the age of the PR tephra could considered the age of the unconformity S3.
These layers were related to the eruptions of Mount Pilato, the last eruption if the Island of Lipari.
Keller (1980), Frazzetta et al (1983) and De Astis (2006), related these three pomiceous ashy layers 
to the cone-forming phase of the event (Mt. Pilato tephra; Cortese et al 1986; Dellino and La Volpe  
1995), while Roverato (2008), Rosi et al (2009) and Fusillo et al (2010) associated them to the final  
explosive phase that preceded the effusion of the Rocche Rosse lava (the Rocche Rosse tephra, 
Cortese et al 1986).
The decisive question is the age of this eruption. Keller (2002 and references therein) gave an age 
of AD776, dating the paleo-soil beneath the Mt. Pilato pumices.
More  recently,  Arrighi  et  al  (2006)  dated  the  Rocche  Rosse  lava  by  archeo-magnetic  method, 
posing an age of 1230±40 AD to the final phase of the eruption (Arrighi et al 2006).
Chicco (pers. comm.), studying in detail the PR layers deposited on the Vulcanello platform and in  
the Fossa area, reveals a scarcity of obsidian clasts in the three tephra beds, suggesting a more 
adequate correlation with the cone-forming phase (Mt.Pilato tephra, Cortese et al 1986) instead 
with the final phase (Rocche Rosse tephra, Cortese et al 1986) as proposed by Roverato (2008).
In  this  tephrostratigraphic  framework,  the  PR  layers  covered  the  Vulcanello  platform  and  the 
products of the Palizzi eruption, especially the Pal  E and Pal  F lavas. This stratigraphic position 
allowed to set a chronological constrain to the PR layers, after the 1230±20 AD (Pal E, Palizzi lava) 
and 1250±100 AD (Pal F, Commenda lava), in good agreement with the age with the age of the 
Rocche Rosse lava that sign the end of eruption (1230±40 AD, Arrighi et al 2006).
These data allowed two different correlation and hence interpretation of the Mt.Pilato activity. 
Once is the possible correlation with the cone-forming phase (Mt.  Pilato tephra,  Cortese et al 
1986), suggesting a more recent age of the Mt.Pilato cone (XIII sec AD instead VII sec AD). Another 
attribution is to the final explosive phase (Rocche Rosse tephra, Cortese et al 1986), confirming the 
chronological framework evidenced by Arrighi et al (2006).
To resolve this problem, a more detailed study of the Mt.Pilato eruption is necessary.
2.5 Conclusions
The  Fossa  cone  is  a  complex  dynamic  volcano-  sedimentary  systems.  The  short-time interval 
analysed in this work was characterised by small  but frequent eruptions providing a continual 
supply of debris to the surrounding ring plain.
The stratigraphy, geological mapping, tephrochronological studies on the recent products (post-
AD1000) erupted from the Fossa cone, reveal a new evolutionary framework.
The cone-forming sequence is dominated mainly by pyroclastic materials, while the ring plain is 
built predominantly from both the reworked material eroded from the cone (Fig 2. 27). Much of  
the material entering the ring plain has been generated in post- and intra-eruptive phases. Debris 
are reworked rapidly in pulses of rapid aggradation immediately following eruptions and more 
gradually in the longer intervals between eruptions, as also observed by Ferrucci et al (2005).
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These data are useful to direct the subsequent analysis of the eruptive behaviour and transport-
sedimentation mechanism with the aim to assess the actual hazard on the Island of Vulcano.
The main results are here summarised:
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Fig 2. 27. Synthetic reconstruction of the Fossa cone recent succession showing the relationship between 
geographic position and primary/reworked deposit ratio. a) Sketch (not in scale) of the southern flank. In the 
summit crater area, during eruptive events primary proximal deposits dominates the volcanic succession, while 
during the post- and inter-eruptive periods the environment responds with large erosion and remobilization of 
the accumulated tephra toward more distal zones. On the cone-flanks the sedimentary succession has been 
composed by medial primary deposits and by the products of the inter-eruptive periods, while syn- and post-
eruptive reworking deposits are usually transported down-slope. b) Detailed sketch (not in scale) of the Palizzi 
valley. The ring plain area is mainly constituted by reworked deposits from each erosional stage, with the 
predominance of the post-eruptive products, while only the products of major eruptions have enough 
probability to be preserved from erosion. Overlap of deposits and unconformities produced the terraces 
observed within the Palizzi valley. In both images the extent of the major unconformities (S1, S2 and S3) are 
evidenced.
− using the UBSU architecture, several hierarchical-order unconformities were recognised
− the concept of Eruptive Cluster is introduced in the geological mapping and is defined as a 
unit limited by well-developed unconformity (erosional surface) on the volcanic edifice or not well-
developed  unconformity  (erosional  surface  or  paleo-soil)  in  the  surrounding  areas.  The  EC 
represents a series of “clustered” eruptions and it is a stratigraphic unit hierarchical superior to the  
EU, but inferior to the Eruptive Epoch (de Rita et al 1997). 
− the most important unconformity (S1) separates the products younger than 1000 years 
(Recent Vulcano Eruptive Epoch) to the older rocks
− during the last 1ky, the Fossa cone experienced at least 13 discrete eruptions, bunched in 2  
cluster
− the two clusters are separated by a second-order unconformity (S2)
− the oldest eruptive cluster (Palizzi  Commenda Eruptive Cluster)  comprise two eruptions 
(the Palizzi and Commenda eruptions), occurred in a very short time-sequence at ~1200 AD (age  
from Arrighi et al 2006), separated by a third-order unconformity (S3) .
− the Palizzi Eruption comprised different eruptive phases, probably it formed a cinder cone 
(C1) on the summit crater area and produced widespread tephra and at least two lava emission
− The starting phase of the Palizzi Eruption it is not directly obtained, but it is constrained by  
the presence of the rhyolitic tephra marker related to the Pal B pumice deposits on the top of the  
Vulcanello Platform, dated by Arrighi et al at 1230±30 AD (younger age of the Vulcanello platform, 
Arrighi et al 2006)
− The  Palizzi  eruption  ended with the effusion  of  three  trachitic  lava  flows (Punte  Nere, 
Campo Sportivo and Palizzi lava flows) followed by the effusion of a rhyolitic lava flow (Commenda 
Lava flow)
− The end of the Palizzi Eruption is directly constrained at 1230±20 AD (Pal E, Palizzi lava) and 
1250±100 AD (Pal F, Commenda lava)
− the Commenda Eruption comprised different eruptive phases and it formed a cone (C2) on 
the summit crater area.
− The  starting  phase  of  the  Commenda  Eruption  is  not  directly  constrained,  but  the 
stratigraphic  relationship with the Palizzi  and Commenda lava  (XIII  sec  AD,  Arrighi  et  al  2006) 
without large evidence of time gap (the third-order unconformty S3) and the interbedding of the 
rhyolitic  tephra  marker  related  to  the  Mt.Pilato-Rocche  Rosse  Eruption  of  the  Island of  Lipari 
(1230±40 AD, Arrighi et al 2006), suggests a similar age for the Commenda Eruption.
− The most recent cluster of eruptions (Gran Cratere Eruptive Cluster) comprises at least 11 
eruptions,  that  produced  deposits  separated  by  third-order  unconformities  and  that  are 
characterised by different eruptive phase, separated by low-order unconformities
− The third-order unconformities within the GCEC are not well preserve in all  the studied 
area and therefore are not useful to the geological mapping
− The Gran Cratere Eruptive Cluster started in the 1440 AD and the age of each eruption is 
constrained by historical chronicles and by the archemagnetic age of Arrighi et al (2006) of the 
Pietre Cotte Lava flow
− During the GCEC the third cone (C3) and forth cone (C4) formed in the summit crater area
− the four cone (C1, C2, C3 and C4) were partially dissected by three multistage craters (Cr4, 
Cr5 and Cr6)
− the tephra and lavas sequence on the cone-flanks covered almost completely the older 
products, supporting the idea of “onion-like” structures of the small composite cones
− given the nature of  the eruption of  the Fossa cone,  being mainly of  small-  to medium 
intensity,  the importance of the ring plain, as record of the chronostratigraphy of volcanic and 
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sedimentary activity became fundamental to a correct reconstruction of the evolution of the Fossa 
cone
− considering  the  ring  plain  on  the  reconstruction  of  a  stratovolcano  activity  as  crucial 
area,the morphostratigraphic “ring plain unit” is proposed, as a unit defined by a recognisable 
planar morphology (the ring plain) that is defined by a basal unconformity relates to a defined 
Eruptive Epoch and that comprises primary volcanic (pyroclastic deposits and lavas), volcanoclastic 
(syn-eruptive, post-eruptive and inter-eruptive) and epiclastic deposits, disrespecting their origins 
and style of transport and deposition.
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3.  The semi-persistent  activity  of  the  Fossa Cone:  an  “actualistic”  view of  the  ADXIII  Palizzi 
Eruption (Fossa Volcano, Island of Vulcano, Southern Italy)
3.1 Introduction
Lyell (1830), writing Principles of Geology, posed the methodological bases to the earth sciences 
asserting that 'no causes whatever have [...] ever acted, but those now acting, and that they never  
acted with different degrees of energy from that which they now exert' (Lyell 1830, Rudwick 1998).  
In other words, actual causes were wholly adequate to explain the geological past, not only in kind 
but also in degree (Rudwick 1998).
Keeping in mind this principle, the Palizzi pyroclastic succession (Frazzetta et al 1983) of the Fossa 
cone  has  been reviewed  with  the  aim of  clarifying  the  eruptive  dynamics  and the  transport-
sedimentation mechanisms of the erupted materials. The Palizzi eruption has been considered an 
example of a “dry surge-forming, low magma-water ratio, phreatomagmatic eruption” (Frazzetta et 
al 1983, De Rosa et al 1992) that, according to these authors, would have generated “turbulent, 
dilute pyroclastic density currents” that spread laterally from the vent affecting a large part of the 
Island of Vulcano (Dellino and La Volpe 2000, Dellino et al 2010).
This  interpretation is  currently  under  reappraisal  based on three main evidences:  1)  observed 
phreatomagmatic eruptions produced distinctive deposits that are very different from the Palizzi 
succession (Moore 1967, Waters and Fisher 1971, Cole et al 2001, Nemeth et al 2006, Nemeth and 
Cronin 2007, Nemeth et al 2009); 2) the formation of volcanic sequences similar to the Pallizzi one 
has been observed in other volcanoes in different eruptive and depositional features (Valentine et 
al  2006,  Nemeth  and  Cronin  2009,  Nemeth  2010);  3)  recent  field  and  archeomagnetic  data 
revealed  a  different  stratigraphic-chronological  architecture  and  lithofacies  association  for  the 
Palizzi sequence (Arrighi et al 2006, Roverato 2008, see Chapter 2).
3.2 Previous studies on the Palizzi succession
Frazzetta et al (1983) and Frazzetta et al (1984) divided the deposits of the Palizzi cycle in two parts 
(Tab 3. 1). The lower part consists of wet surge beds overlain by dry-surge units that are capped 
with a stratified pumice fall horizon (2,200 + 1,300 y.b.p., Frazzetta et al 1984). The upper part 
begins with wet-surge beds that are followed by dry-surge horizons topped by a trachytic lava 
(1,600 + 1,000 y.b.p., Frazzetta et al 1984).
Following De Rosa et al  (1992),  the features of  the Palizzi  ash-laminated sequence (upper dry 
surges) are related to fluctuations in the mass discharge rate during each single eruptive pulse (Tab 
3. 1). More massive and laminated beds forms at high mass discharge rate and low-angle cross-
stratification and discrete lamination occur at lower mass discharge rate (De Rosa et al 1992).
The presence of spongy vesiculated fluidal fragments and/or spiny ones is interpreted by De Rosa 
et al (1992) as the products of magmatic fragmentation at the center of the conduit related to high 
mass  discharge  rate,  while  blocky  particles  are  related  to  hydromagmatic  fragmentation  that 
occurred over the rest of the water-magma interface (conduit margins).
According with Dellino et al  (2010 and references therein) the investigated volcanic succession 
(Palizzi 2 of De Astis et al 2006), is subdivided into three units based on the occurrence of erosional 
surfaces (Tab 3. 1). The lower (2100±300 years BP, Voltaggio et al. 1995) is the most widespread  
deposits of La Fossa Cone and it is made up of a sequence of decimetres thick, densely-laminated 
ash  layers  with  tractional  features  and  asymmetric  bed  forms  formed  from  dilute  pyroclastic 
density currents (Dellino and La Volpe, 2000). Two metric layers of vesiculated lapilli-and-bombs 
deposits due to fallout are intercalated in this unit. Their dispersal area is limited to the southern 
perimeter of the cone edifice and the  first, has a rhyolitic composition, while the second one is 
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trachytic (Dellino et al 2010). 
The intermediate unit consists of a rhyolitic lava body that surrounds the eruptive vent, and flowed 
only for a few hundred meters from the crater (corresponding to the Commenda Lava flow of 
Frazzetta  et  al  1983).  The  upper  unit  (1500  years  BP,  Frazzetta  et  al  1984),  is  made  up  of  a 
sequence of decimetres thick laminated ash layers associated to dilute pyroclastic density currents, 
both of the dry and wet type, and by a trachytic lava flow, which extends southward down the base 
of the cone (Dellino et al 2010).
As reported in Chapter 2, Arrighi et al (2006), dated the outcropping of the Fossa cone and these 
data completely disagree with the previous ones,  giving an age of  the Palizzi,  Punte Nere and 
Commenda lavas very similar (about 1200 AD) due to their undistinguishable magnetic features 
(Arrighi et al 2006).
Roverato  (2008)  proposed  a  different  stratigraphic  framework  for  the  Palizzi  succession.  It  
comprises 4 members: “complesso”, “lavico inferiore”, “cineritico” and “lavico superiore”. The first 
one is made by pyroclastic deposits and comprise the rhyolitic and trachitic pumice layers of De  
Astis (2006). The “lavico inferiore” member correspond to the Commenda Lava flow (De Astis et al  
2006). The third is an ash deposits that is capped by the “lavico superiore”, a unique lava unit that  
comprises the Palizzi, the Campo Sportivo and the Punte Nere lava flows (Roverato 2008).
Based on the stratigraphy proposed in the Chapter 2, the Palizzi Eruptive unit is bounded ad the 
base by S1 (Fig  3.  1),  that  is  a  large scale  erosional  surfaces,  laterally  continuous with a  well  
developed brown paleo-soil,  rich  in  organic  matter,  or  in  a  brown-reddish hard-ground and it 
corresponds to the surface underlying the Vulcanello Peninsula (Fusillo 2008; Fusillo et al 2010). In 
the plains surrounding the cone, on the Fossa Caldera walls and on the Vulcano Primordiale-Piano 
edifice, S1 is a well developed surface, corresponding to low-amplitude erosional surfaces, angular 
unconformity, bypassing/non -depositional surface or a not well developed (eroded?) paleo-soil. 
Based on their lithological features, it could be possible to identify 7 different sub-units, designated 
Pal A - G (Tab 3. 4 and 5 of Chapter 2).
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Tab 3. 1. Reconstruction of the volcanic activity during the Palizzi eruption made by previous Authors (Frazzetta  
et al 1984, De Rosa et al 1992, Dellino and La Volpe 1997, De Astis et al 2006, Dellino et al 2010)
Pal A and Pal C are similar and are constituted by a series of coarse and fine ash laminae, well 
sorted, composed by black and golden scoriae, loose plg crystals and very rare grey lava lithics. 
Massive laminae to wavy-bedded laminae, made-up by the same components, are interbedded in 
the series. This latter facies is very abundant on the top of both sub-units, but the top of Pal C is  
rich in white, rounded, rhyolitic pumices (components of Pal B). 
Pal B and Pal D are two massive, grain-supported, 
very well-sorted pumice deposits. Pumice in Pal B 
are white, rhyolitic in composition (Frazzetta et al 
1983;  Roverato  2008;  Todman  personal 
communication)  and  contains  black  enclaves 
(mafic?),  while  pumices  in  Pal  D  are  grey  and 
trachitic  in  composition  (Frazzetta  et  al  1983; 
Roverato 2008; Todman personal communication). 
Pal B contains also grey lava lithics and loose px 
and  qz  crystals,  while  Pal  D  contains  abundant 
black obsidian clasts, loose crystals of px and fls 
and few lava lithics.
Pal E comprises three lava units, composed by one 
or  more  flow  units,  trachitic  in  composition 
(Roverato  et  al  2008;  Todman  personal 
comunication) that cropped out on the southern 
(Palizzi  Lava  flow;  Frazzetta  et  al  1983),  north-
western (Campo Sportivo lava flow; Frazzetta et al 1983) and north-eastern side (Punte Nere lava 
flow; Frazzetta et al 1983) of the cone.
Pal F is a rhyolitic lava flow (Roverato et al 2008; Todman personal comunication), that cropped out 
in the southern side, near the Palizzi lava flow, correspond to the Commenda lava flow of Frazzetta  
et al (1983).
Pal G is a cross- to wavy-bedded, sand to coarse sand deposit that cropped out mainly ant the base 
of the cone, near the main valleys and showing maximum thickness (up to 2 m) into narrow gullies.
It is composed mainly by black scoriae, golden scoriae, loose plg crystals, white and grey pumices  
and very rare grey lava lithics and obsidian clasts.
Palizzi Eruption probably formed a cinder cone (C1) on the summit crater area (Chapter 2).
As  proposed by  Fusillo  (2008),  Rosi  et  al  (2009)  and Fusillo  et  al  (2010),  the presence of  the  
rhyolitic pumices layer (Pal B) on the top of the Vulcanello platform, strongly support the idea of 
Arrighi  et  al  (2006)  that  the  activation  of  the  Vulcanello  system  was  close  in  time  with  the 
reactivation of the Fossa cone, during the late Middle Age (~1200 AD).
According with Arrighi et al (2006) and Roverato (2006), the Palizzi,  Campo Sportivo and Punte 
Nere lavas were emitted during the same effusive event (Pal E), just before the effusion of the 
Commenda lava flow (Pal F).
3.3 Methodology
3.3.1 Historical chronicles
The historical chronicles of these period (AD1150-AD1250, based on the archeomagnetic age of 
Arrighi et al 2006) are based on the work of De Fiore (1922), that reported accounts from different  
Sicilian and Arab authors.
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Fig 3. 1. Type-section of the Palizzi Eruptive Unit (s40). 
S1 is well evident beneath the pyroclastic succession. 
The upper-most unit (Pal D) shows incipient welding, 
probably due to the vicinity to the eruptive vent
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Tab 3. 2. Lithofacies nomenclature and interpretation
3.3.2 Field analysis 
Merging data from stratigraphy, tephrochronology and facies analysis within the sub-units allowed 
to  identify  the  space-time  relationship  between  primary  and  reworking  deposits.  Vertical 
stratigraphy and facies  variations  have been studied in  medial-to-distal  outcrops  and trenches 
(proximal locations are covered by deposits of the sub-sequent eruptions). Each deposit  has been 
classified  based  on  its  structure-texture-componentry  features  (lithofacies)  and,  using  the 
stratigraphic correlation between different outcrops, the general lithofacies architecture of  each 
deposit as been reconstructed. The key to understanding these variations is reported in Tab 3. 2 
and Tab 3. 3, and it is compiled starting from the facies interpretation made by different  Authors 
(White et al 1997, Manville et al 2009, Nemeth and Cronin 2007, Valentine and Gregg 2008, Di 
Traglia et al 2009, Nemeth and Cronin 2009, Kano and Ohguchi 2009, Di Traglia et al  submitted), 
many of which are derived from direct-observed eruptions (Rosi et al 2000, Zanchetta et al 2004, 
Castruccio et al 2010, Greattinger et al 2010).
This  approach  allowed  to  constrain  the  define  the  transport-sedimentation  mechanisms  that 
produced the deposits of the Palizzi pyroclastic succession.
3.3.4 Grain-size and componentry
The grain-size distribution and the contents of different components of some layers have been 
analysed to  better  characterised  the deposit-forming eruptive  phase.  The  grain-size  data have 
been carried out on 1-2 kg samples in 0.5 phi interval (between -5 and 5 phi) at the Department of 
Earth Science of the University of Pisa. Components (vesicular juvenile, dense juvenile, lithics and 
crystals) have been separated under visual and optical microscope observation.
3.3.5 Chemical analysis
In some cases, to obtain a good tephrostratigraphic correlation, bulk-rock XRF chemical analysis 
have been carried out on the juvenile components of selected tephra layers.
3.3.6 SEM-EDS analysis
Ash particles from the Pal A and Pal B sub-units have been analysed at the SEM-EDS, to obtain the 
glass composition and the morphology of the particles.  Glass compositions were performed at 
Earth  Science  Department  of  Pisa  with  a  Philips  XL30  scanning  electron  microscope  (SEM) 
equipped with an energy-dispersive X-ray analysis EDAX PV 9900. The used software (EDAX DX4 
2.11,  1996)  allows  microanalytic  determinations  without  the  necessity  of  external  referring 
standards (faster analyses respect to classical  methods). The method, anyway,  necessitates the 
normalization of analyses to a standard value (100% in most cases). Instrumental conditions were: 
accelerating voltage 20 kV; counting time 100‟‟; counts per second ~ 2700; electronic beam 0.2-
0.5 μm, beam current 1 nA, raster area ≥100 μm. The corrections of matrix effects (ZAF) were done 
by using algorithms of Duncumb and Reed (1968), Philibert (1963), Love (1975) and Reed (1965). 
3.4 Data collection and results
3.4.1 Historical chronicles
Collecting  the  different  accounts  we  find  that,  in  the  XII  and  XIII  sec.,  the  Island  of  Vulcano 
experienced violent explosions that produced fire-columns during the night and smoke-columns 
during the day, producing incandescent material fell into the sea (in some chronicles the pumices 
have been described). Moreover, eruptions from Vulcanello are reported in the XIII sec.
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3.4.2 Internal stratigraphy and features of the deposits 
Pal A and Pal C 
In the outcrops on the flanks of the Fossa cone and in the neighbouring ring plain (Fig 3. 2), Pal A 
and Pal C are sequences of massive, well-sorted, coarse-ash to fine-ash layers, rich in black scoriae 
(mA(s)). Some layers are rich in grey, golden or black high-stretched scoriae (pele's hair), forming 
“strawy”,  massive  ash  beds  (mA(ph)).  In  these  sequences  are  inter-bedded  massive  (mS(s)),  to 
parallel-bedded  (pbS(s)),  to diffused  cross-bedded  (csS(s))  layers  of  scoriaceous  sand.  The  ratio 
between the sandy and ashy layers increase with the distance down-slope, giving to them a large-
scale, lenticular geometry. 
In the higher-most outcrop (s40), these layers are few centimetre thick (2 to 10 cm), while in the 
lower part of the Fossa cone, just before the base, they are more than 1 m thick (Fig 3. 2b and Tab 
3. 3). These layers are more abundant in the Pal C sub-unit than in Pal A and are richer in coarser  
clasts. The coarse fraction is composed by rounded, white pumices pebbles from the underlying 
Pal B sub-unit. Transition from the massive, clast-supported, pumice lapilli layer of Pal B (mL(p)) and 
the diffused parallel- to cross-bedded (pbSP(s,p)) of Pal C is generally sharp, but in some outcrops on 
the southern flank of the Fossa cone, transitional beds of layered, normal-graded, pumice pebbles 
and scoria sand are present (Fig 3. 2a).
The composition of the glass fragments is tephri-phonolitic at SEM-EDS analysis (Fig 3. 3 and Tab 3.  
4), comparable with the Vulcanello products (Rosi et al 2009, Fusillo et al 2010).
Pal B
Pal B sub-unit is composed by three layers, namely Pal B1 to Pal B3.
Pal B1 is a massive, pale-grey, fine-ash layer, cropping out only in the southern sector of the Fossa 
cone (Fig 3. 4), ranging in thickness between 1 and 3 cm.
Pal B2 is a massive, grain-supported, very well-sorted pumice deposits. Pumices are white, trachitic 
to rhyolitic in composition (Fig 3. 3, Tab 3. 5) and they contain black (mafic) enclaves. The layer also  
contains also grey lava lithics and loose px and qz crystals. 
Pal B2 vary in thickness between 1,5 m to 2 cm, with the maximum at the base of the Lentia Dome  
Complex at NW of the Fossa cone, while the minimum thickness has been recognized on the top of 
the Vulcanello lava platform (Fig 3. 4f). In the north-western sector, the clast are lapilli- to bomb-
sized,  and  the  mafic  enclaves  are  mm  to  cm  in  diameter.  In  the  Vulcanello  area,  it  formed 
continuous layers or discontinuous lenses of fine-lapilli pumices, based on the paleo-topography 
and erosion. In the southern sector, it crops out as a continuous layer or as discontinuous lenses of 
pumices  lapilli,  composed  by  high-vesicular  white  pumices  and  grey  lava  lithics,  generally 
“immersed” in the Pal B1 layer. The thickness variation allowed to reconstruct the dispersal area of 
the Pal D sub-unit, giving a WNW-directed dispersal axis.
Pal B3 is a massive, grey to white, fine-ash layer, cropping out only in the southern sector of the 
Fossa cone (Fig 3. 4d), ranging in thickness between 1 and 3 cm and covering the small roughness 
produced by the Pal B2 pumices, without evidence of rest intervals.
Pal D
Pal D is a massive, grain-supported, pumice deposits, cropping out in the southern sector of the 
Fossa cone (Fig 3. 5). Pumices are grey and trachitic in composition (Frazzetta et al 1983; Roverato 
2008;  Todman  personal  communication).Pal  D  contains  abundant  black  obsidian  clasts,  loose 
crystals of px and fls and few lava lithics (Fig 3. 6 and Tab 3. 6).
The obsidian clasts are fresh in appearance and show “vertical” jointing in the smaller clasts and 
radial jointing in the coarser clasts.
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Fig 3. 2. Pal A and Pal C sub-units. The explanations of lithofacies are reported in Tab 3. 2 and 3
In the more proximal location (s40) it is reverse-to-normal graded, showing incipient welding, with 
flattened  coarser  clasts  and  some  adhesion  between  the  red-oxidized  ash  particles,  giving  an 
coherent aspect and a red colour to this outcrop (Fig 3. 1).
In  medial  outcrops  (s33,  s46),  it  is  a  reverse-to-
normal or  multiple-reverse graded (2-3 m thick), 
with  the  occurrence  of  large  pumices  in  the 
middle of the deposits, and sometime on top (Fig 
3. 5). The obsidian clasts are abundant and coarse 
(lapilli-  to bomb-sized) in the middle part  of the 
deposits,  where  the  pumices  reached  their 
maximum, while  they are  scarce and smaller  on 
top  of  the  deposits.  The  basal  layer  is 
characterized  only  by  grey  to  golden  pumices, 
generally elongated with high-stretched vesicles.
At the base of the cone, the thickness decrease to 
100-70  cm,  and  the  grading  is  less  evident  in 
thinner sections (Fig 3. 5d). Passing from S to SSE, 
the thickness  decrease  to  50-30 cm,  and the  deposits  show a  marked reverse  grading  of  the 
pumice clasts with large and flat pomiceous bombs on top (Fig 3. 5e and 5f), while the obsidian  
became very small and scarce. The thickness variation allowed to reconstruct the dispersal area of 
the Pal D sub-unit, giving a southward dispersal axis. Pal E Pal E comprises three lava units (Palizzi 
lava, Campo Sportivo lava and Punte Nere lava), all  trachitic in composition (Keller 1980, Frazzetta 
et al 1983, Roverato et al 2008) that cropped out on the southern (Palizzi Lava flow; Frazzetta et al 
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Tab 3. 3.  Example of application of  the lithofacies approach to the vertical  variation within a single Pal A  
deposit (s40, Fig 3. 2b)
Fig 3. 3. TAS diagram (Le Bass et al 1986) of the Pal A 
(glass-EDS), Pal B (bulk-XRF) and Pal C (glass-EDS). The 
value of  SiO2vsAlkali  of  the Vulcanello  products  are 
also  shown  (data  from  Roverato  2008  and  Fusillo, 
pers.comm.)
1983),  north-western  (Campo Sportivo lava  flow;  Frazzetta  et  al  1983)  and north-eastern side  
(Punte Nere lava flow; Frazzetta et al 1983) of the cone.
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Fig 3. 4. Lithofacies variations of Pal B sub-unit. a) massive, clast-supported pumice bed in upper-part of the  
Fossa southern cone-flank (s40); b) massive white ash deposit in a radial channel in the southern cone-flank 
(s38), the white pumices on top are reworked; c) and d) trenches in the SSE sector, perfectly showing the three 
Pal B layers; e) reworked lens of Pal B on the Vulcanello platform; f) trench on the Vulcanello platform, showing 
the stratigraphic relationship between the clast-supported pumice layer Pal B respect to the Vulcanello (Vllo2) 
and Lipari (PR layers) products. 
The Palizzi lava is a aa lava flow, that cropped out in the southern flank of the Fossa cone. In its  
type section it is composed by three part: a basal and upper-most parts composed by massive,  
chaotic,  unsorted,  clast-supported,  monomittic  breccia,  constituted  by  grey  lava  blocks  with 
reddish rims; a medial part composed by a vertical jointed, massive, moderate porphyritic, grey 
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Fig3 .5.Different grading pattern and thickness variations of Pal D sub-unit. a) and d) multiple-reverse grading 
in up to 2 m thick deposits on the southern cone-flank; b) and c) reverse-to-normal grading in up to 1.30 m  
thick deposits at the base of the cone in the southern sector (Palizzi valley); e) and f) thinner deposits in the  
SSE sector (mechanical-made trenches), with the occurrence of oversize bombs on top
lava, with phenocrysts of px and plg. This lava flow is morphologically well defined, due to the 
relief  inversion  produced  by  the  erosion  of  the  more  erodible  pyroclastic  and  volcanoclastic 
deposits that it has around (Fig 3. 7a). Up slope, sections of this lava flow are scarce, even so some  
large scale bends are visible.
The Campo Sportivo lava is a aa lava flow, that cropped out in the northern sector of the ring plain 
(Vulcano Porto town). In its type section (Fig 3. 7b) it is composed by a massive, chaotic, unsorted,  
clast-supported, monomittic breccia, constituted by lava blocks with reddish rims and a moderate 
porphyritic, with phenocrysts of px and plg, grey interior. The massive part of the lava is invisible.
This lava flow is morphologically well defined only from the base of the cone to its distal limits, due  
to the relief  inversion produced by the erosion on the ring plain materials,  while  up slope its  
probably covered by a large amount of subsequent pyroclastic and volcanoclastic deposits.
The  Punte Nere lava  flow constituted  the main 
structure of the north-eastern flank of the Fossa 
cone and it is composed by more flow units (Fig 3. 
7c). On the eastern margin of the Vulcano Porto 
plain  (Porto  di  Levante,  eastern  harbour)  it  is 
composed by four part: a basal, lateral and upper-
most  parts  composed  by  massive,  chaotic, 
unsorted,  clast-supported,  monomittic  breccia, 
constituted by grey lava blocks with reddish rims; 
a  medial  part  composed  by  a  vertical  jointed, 
massive to planar foliated, moderate porphyritic, 
grey  lava,  with  phenocrysts  of  px  and  plg. 
Underlying deposits are oxidized at the boundary 
with  the  lava.  This  flow  unit  is  morphologically 
well defined only from the base of the cone to its 
distal limits, due to the relief inversion produced 
by the erosion on the cone-flanks materials, while 
up  slope  its  covered  by  a  large  amount  of 
subsequent pyroclastic and volcanoclastic deposits (Fig 3. 7c). 
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Fig 3. 6. Pal E sub-unit: a) Palizzi lava (s27, Palizzi valley); b) Campo Sportivo lava (s48, Vulcano Porto town); c) 
Punte Nere lava (s137, Punte Nere cape)
Fig 3.  7.  Example of the quantitative analysis  of  the 
morphology of the NW flank of the Fossa cone used to 
constrain  the eruptive  vent  of  the  Punte  Nere  lava. 
Note the change in slope and in the profile curvature 
in correspondence of the inferred emission zone
Turning  from the  Porto  di  Levante  to  the  south  (Punte  Nere  cape),  the  Punte  Nere  lava  it  is 
composed by several tongues forming a finger-shaped morphology in the lower part of the cone-
flank, while in the upper part these tongues taper to form a concave 
shape at about 230 m high (Fig 3. 8). It is possible to identify these 
positive  topography  by  integrating  different  morphological  analysis 
(topography, slope, slope of slope, planar curvature, profile curvature; 
Appendix  II  of  Chapter  2)  on  a  high-resolution  DEM  (3x3  m  pixel 
values).
Pal F
Pal F is a rhyolitic lava flow (Keller 1980, Frazzetta et al 1983, Roverato 
et al 2008), that cropped out from the western to the southern flanks 
(Fig 3. 9), near the Palizzi lava flow, correspond to the Commenda lava 
flow of Frazzetta et al (1983). It is composed by three part: a basal and 
upper-most  parts  composed  by  massive,  chaotic,  unsorted,  clast-
supported, monomittic breccia, constituted by banded, radial jointed, 
grey and black lava blocks with reddish rims; a medial part composed 
by a vertical jointed, massive, flow-banded, grey and black lava. The 
medial/inner part  show transition between massive and vesiculated 
zone (Fig 3. 9b). It contains a lot of black enclaves (Fig 3. 9c) latitic in 
compostion  (Cannata  2007,  Cannata  pers.  comm.),  while  bulk 
composition is rhyolitic. This lava flow is morphologically well defined, 
forming a terrace in the NW flank of the Fossa cone (Fig 3. 9d). Up 
slope, sections of this lava flow are scarce, due to a large amount of 
subsequent pyroclastic and deposits (Fig 3. 9a).
Pal G
Pal  G is a cross- to wavy-bedded, sand to coarse sand deposit  that 
cropped out mainly ant the base of the cone, near the main valleys 
and showing maximum thickness (up to 2 m) into narrow gullies (Fig 3. 
10). At the lower-most outcrops it contains a lot of pebble pumices (Fig 
3. 10a). 
The large-scale geometry of this sub-unit is lenticular-shaped, dipping 
toward the ring plain, mainly towards the Palizzi valley, and pinching-
out  at the break in slope of the pre-Pal G morphology.
It  is  composed  mainly  by  black  scoriae,  golden  scoriae,  loose  plg 
crystals,  white and grey pumices and very rare grey lava lithics and 
obsidian  clasts.  All  these  components  derives  from  the  underlying 
deposits of the Palizzi Eruptive Unit.
Pal G is cut by narrow small gullies at the base of the cone, while in the 
Palizzi valley it is eroded to form a U-shaped valley.
The deposit of the Pal G sub-unit were subsequently re-eroded during 
the  inter-eruptive  period  between  the  Palizzi  and  the  Commenda 
eruptions.
3.4.3 Volume of the deposits
The volume of the deposits has been evaluated only for the Pal B and 
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Tab 3.  4.  EDS glass  chemical 
analysis  of  Pal  A  and  Pal  C 
samples
Pal D sub-units. Given the nature of the Pal A and Pal C deposit, good thickness constrains of both 
primary  fallout  and  secondary  reworked  deposit  are  difficult  to  obtain.  The  problem  in  the 
volumetric calculation for the Pal E and Pal F lavas is that the exact deep of the base and the 
thickness  of  the  subsequent  deposits  are  still  unknown,  given  the  absence  of  wide-spaced 
stratigraphic sections.
To estimate the volume of Pal D deposit, the Pyle 
(1989)  method  has  been  applied,  while the 
volume of Pal  B the have been calculated using 
both the Pile (1989) and Fierstein and Nathenson 
(1992) methods.  Field  dataset  for  Pal  B  deposit 
consists in scattered proximal and distal data and 
therefore,  the  method  proposed  by  Sulpizio 
(2005) has  been  applied.  By  this  method,  it  is 
possible to calculate the volume of distal tephra 
fall deposit, using the  break-in-slope distance on 
Log  T  vs.  √A diagram where one distal isopach is 
available (method of √Aip with one distal isopach; 
Sulpizio  2005).  The  emitted  volume  have  been 
estimated for  both  deposits  (Fig  3.  11 and 12), 
ranging between 3.75x106 m3 and 3.89x106 m3 for 
Pal B2 and 3.65x106 m3 and 3.67x106 m3 for Pal D deposits.
Given the absence of a sufficient number of outcrops allowing the definitions of robust isopleth 
maps, the columns hight have been calculated using the empirical relationship between column 
high and thinning rate, introduced by Sulpizio (2005). 
The height of the eruptive plume have been evaluated as  ~8 and  ~7 km from Pal B2 and Pal D, 
respectively.
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Tab 3. 5. XRF bulk chemical analysis of Pal B samples
Fig 3. 8. Lobe-shaped Pal F sub-unit on the SW cone-flank
The volumetric range still allows to classified the two eruptions as VEI 2 (Newhall and Self 1982),  
while column height suggest a more appropriate classification as VEI 3. This data, coupled with the 
sustained behaviour of the eruption, inferred from the features of the deposits , lets to speculate 
about the sub-Plinian nature of these two eruptive phases (Francis 1996).  These classifications 
have been also made for some eruptions at Vesuvius (Italy; Arrighi et al 2001). 
3.4.4 Grain-size and components
Grain-size analysis have been performed on 23 samples of Pal D deposits coming from 11 outcrops.  
Sampling has been made choosing sections distributed in all the outcropping area of Pal D with the 
aim to characterise its  areal  distribution (Fig 3.  6a),  while three sections have been chosen to 
characterise the vertical grain-size variations (Fig 3. 6b, Fig 3. 6c and Fig 3. 7).  Given the small  
amount of samples, these data are not useful to quantify the plumes dynamics but, otherwise,  
gave lot of informations about the sedimentation from the Pal D-forming plume in proximal areas 
(within  1  km from the inferred vent).  At  the same time,  the three vertically-sampled sections 
allowed to constrain the grading pattern observed in the field.
The Pal D deposits are coarse grained in all samples, with median diameter (Mdϕ) varying between 
-4.93ϕ and -2.71ϕ, while the sorting vary between poorly sorted in proximal outcrops and well 
sorted in more distal sections, with σϕ varying between 1.05ϕ and 2.62ϕ. Grain-size distributions 
are mostly uni-modal, while some samples shows a second mode related to the abundance of very  
coarse pumices (-5ϕ/-5.5ϕ).
Vertical grain-size variations have been studied in sections ~800 (s46), ~850 (s33) and ~900 (s74) 
metres from the inferred vent area. All sections show a marked reverse-to-normal grading as well  
as revealed by field observations. Moving away from the vent along the dispersal axis (from s46 to 
s74) the Mdϕ decrease, while the sorting coefficient seems to be more related to the vertical  
variations, especially in sections s33 and s74, rather than to the distance from the vent.
Variations in the content of the different components towards the stratigraphy of Pal D have been 
also characterized analysing samples from section s33 (Fig 3. 7). Three classes of components have 
been chosen: pumices, dense juvenile clasts (dense obsidian and very poorly vesiculated obsidian),  
crystals (both isolated and mafic-felsic crystals agglomerates). Lithic content is very low and do not 
vary toward stratigraphy, therefore lithics have not been considered.
The obtained data clearly show an increase in dense obsidian in the lower-middle part  of the 
deposit (samples s33_90-110 and s33_60-90) between 25 and 75 cm from the base of the deposit.
3.5 Discussions
3.5.1 Eruptive style, nature and mechanisms of transport and sedimentation of the products
The successions of eruptive and erosive events that were reconstructed here and that built up the 
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Fig  3.  9.  Pal  G  sub-unit.  a)  trough  cross-bedded  deposit,  suggesting  in-channel  sedimentation;  b)  and  c)  
stratigraphic relationship between Pal G, Pal D and CEU, confirming the absence of post-Pal D reworking.
Palizzi Eruptive Unit during the XIII sec. (Arrighi et al 2006) match pretty well with the historical  
accounts of the XII-XIII sec. Arab observers. In fact, their descriptions reported “fire and smoke 
columns” and “pumices that fell in the sea”.
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Fig 3. 10. Isopach map of: a) Pal B2; b) Pal D. Solid lines indicate well-constrained isopachs, while dotted 
lines represent the poorly-constrained part of the isopachs
Based on the stratigraphy and lithofacies data of PEU deposits,  the sequence and style of  the 
eruption  appear  to  be  related  to  a  complex  eruption,  composed  by  discrete  eruptive  phases 
separated by rest intervals (reworking material in between pyroclastic deposits).
The term semi-persist activity has been used here to describe a long-
lasting  eruption  composed  by  several  eruptive  phases  and 
characterised by frequent shifting in the eruptive styles.
Transitions from different eruptive styles (as in the Palizzi eruption) 
accompanied  by  chemical  variations  are  frequent  in  big  eruptions 
(Plinian and caldera-forming eruptions) of large volcanic systems, as 
Askja  in  Iceland  (Sigurdsonn  et  al  1981)  or  Hudson  in  Chile 
(Kratzmann  et  al  2009)  while  is  less  frequent  in  small  to  medium 
eruptions of composite cone, as the ~2ka Montaña Blanca sub-Plinian 
eruption in the Island of Tenerife (Ablay et al 1995).
The  characteristics  of  the  deposits  (mA(s) and  mA(ph))  allowed  to 
interpreted Pal A and Pal C as the products of primary deposition of 
ash fallout from pulsating mafic ash eruptions (MAE, sensu Ono et al 
1995). Eruptions that produced a large quantity of juvenile ash are 
called  in  different  way:  ash  eruptions  (Ono  et  al  1995),  violent 
Strombolian (Arrighi et al 2001, Valentine et al 2006, Pioli et al 2008), 
transitional eruptions (Parfitt 2004), ash explosions (Taddeucci et al 
2004), ash jets and plumes (Andronico et al 2009). Given the absence 
of a quantitative reconstruction of the eruptive parameters, here the 
term mafic ash eruption is preferred. 
The relative abundance of black scoriae instead of golden Pelee hairs 
could  be  explained  with  difference  in  magma  ascent  velocity, 
favouring the black scoriae by cooling and degassing during the slow 
ascent rate and promoting the ejection of more fluidal particles by 
fragmentation of hotter and less degassed magma at relatively higher 
ascent rate (Ono et al 1995, Taddeucci et al 2004, Cimarelli et al 2010, 
D'Oriano et al 2011)
The  large  ash  production  of  such  kind  of  eruptions  is  generally 
attributed  to  the  breakage  of  the  chilled  and  degassed  external 
portion of the magma column (plug) in the conduit (Ono et al 1995, 
Pioli  et  al  2008,  Cimarelli  et  al  2010),  promoting  Vulcanian-type 
explosive phases.
The  other  recognized  lithofacies  (mS(s),  pbS(s),  csS(s))  have  been 
interpreted as  the deposition of  syn-eruptive (sensu Manville  et  al 
2009 and references therein) reworking materials.
The beds of layered, normal-graded, pumice pebbles and scoria sand 
between  Pal  B  and  Pal  C  are  interpreted  as  post-eruptive  (sensu 
Manville et al 2009) reworking of the Pal B deposits, before the onset 
of the Pal C-forming eruptive phase.
The three Pal B layers are interpreted as: the opening of the Pal B-
forming  phase  (Pal  B1),  that  produced  a  fine-grained  tephra  fall 
deposit in the southern zone of the volcano (but the exact dispersion 
is not well constrained); the climatic phase of the eruption (Pal B2), 
with the formation of an eruptive column, mainly spreading to NW, 
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Tab  3.  6.  Grain-size  and 
componentry  analysis  of  the 
Pal D deposit (s33, referred to 
Fig 3. 6)
covering the Vulcanello platform and forming a cross-wind deposit on the south and south-eastern 
sector of the Fossa cone; the waning of the eruption, registered in the southern and south-eastern 
sector by the massive, white, fine-ash layer Pal B3.  The Pal B pumices are characterised by the 
presence of mafic enclaves and this feature suggests, but do not prove, that the Pal B-forming 
phase could be triggered by the injection of mafic magma into the Fossa magmatic system. This 
triggering mechanisms is usual in arc volcanoes (es. Soufrière Hills volcano, Murphy et al 2000), as 
the Aeolian Archipelago and in particular in Lipari and Vulcano Islands (es. Davì et al 2009b)
Pal  D  sub-unit  has  been  interpreted  as  the 
products  of  fallout  from  a  sustained  eruptive 
column,  that  spread  in  mainly  southward 
direction. The reverse-to-normal grading pattern 
suggests  the  reaching  of  the  maxim  high, 
following  by  a  decrease.  The  presence  of 
multiple-reverse  or  reverse  grading  in  some 
outcrops,  suggest  that  some  more  complex 
mechanisms of tephra dispersal acted during the 
eruption.  Grain-size  and  componentry  analysis 
evidenced  a  straight  relationship  between  the 
median  grain-size  of  the  deposit  and  the 
abundance  of  dense  juvenile  fragments  (mainly 
black  obsidian).  Given  the  fresh  appearance  of 
the dense juvenile clasts (unaltered appearance, angular to sub-angular morphology, presence of 
radial  jointing),  the  relationship  between  obsidian  abundance  and  increase  in  clast-size, 
representing the increase in plume heigh and therefore in the mass discharge rate, need more 
detailed analysis to better constrain the conduit dynamics during the Pal D-forming event.
The presence of weakly welded deposits on the higher half of the southern flank of the cone,  
suggests that the this section (s40) is the most proximal of the present-day outcrops, suggesting 
that the vent was not to far from the southern margin of the summit crater area.
The E lavas were interpreted as the products of a large, mostly effusive, eruptive phase during the 
Palizzi eruption. Two questions remains undetermined: 1) if the transition from the explosive (Pal  
D) and effusive (Pal E) was continuous, or if these phases were separated in time; 2) the geometry 
of the Palizzi and the Punte Nere lava flows, suggests two different vent location for the two lavas 
(western portion of the summit crater are for the Palizzi lava and a lateral vent for the Punte Nere  
lava) raising the question of where and how the magma has risen and what was the influence of  
the tectonic activity in the location of eruptive vents.
The Pal F lava (Commenda Lava flow) has been interpreted as the products of a final effusive phase 
of the Palizzi eruption. This lava flowed few hundred meters from its vent and it stopped on the  
Fossa  south-western  cone-flank,  forming  a  lobate  morphology.  This  features  are  in  good 
agreement  with  the  high-silica  content  of  Pal  F,  suggesting  a  high  yield  strength  due  to  high 
viscosity. The presence of more mafic enclaves in the Pal F lava could suggests, but without more 
detailed anlysis do not prove, that this latter eruptive phase was triggered by a injection of a latitic 
magma into the residual Fossa cone rhyolitic magma chamber.
Pal G sub-unit has been interpreted as the products of the late post-eruptive reworking (late syn-
eruptive of De Rita et al 1997) after the Palizzi eruption. 
3.5.2 Environmental response to the Palizzi eruption
The volcanic successions related to the Palizzi eruption is composed mainly by primary fallout and 
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Fig 3. 11. Pyle (1989) plot for the Pal B2 (red) and Pal D 
(blue) tephra fallout deposits.
ballistics in the more proximal locations, and deposits composed by a large percentage of reworked 
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Fig 3. 12. Results of the grain-size analysis on Pal D deposits.
layers with minor ash to lapilli fallout beds intercalated in more distal sections. This features is in 
good agreement with the style of  primary deposition and reworking during and after  volcanic 
eruptions  characterised by  semi-persist  activity,  such large volcanic  system (Etna,  Coltelli  et  al 
2000; Stromboli, Rosi et al 2000; Ambrym, Nemeth and Cronin 2009) and volcanic field (Garrotxa 
Volcanic Field, Di Traglia et al submitted).
T
h
e 
near-cone-forming sequences (proximal locations) of the PEU are characterised by deposition of 
primary tephras, dominated by cm-to-dm sequences of beds dominated by poorly vesicular scoriae 
or well developed Pele's hair (Pal A and Pal C) and intercalating cm-to-m thick layers of highly  
vesicular, pomiceous ash and lapilli (Pal B and Pal D) with subordinate volcanic lithic fragments. In  
very proximal location, occasional lobes of lava (Pal E and Pal F) or poorly welded pumices also 
occur within the tephra-dominated sequences.
Medial  sections  are  characterised  by  coarse  ash-dominated  tabular  scoriaceous  fall  deposits, 
interbedded  with  volumetrically  dominant  matrix-supported  ash-rich  beds  containing  lenses 
(several metres long and a few cm thick) of coarse lapilli. This lithofacies assemblage  is the usual  
of the volcanic succession in medial zones in mafic volcanoes characterised by semi-persist activity 
(“Artherial channels facies” of Nemeth and Cronin 2009).
The  pattern  of  erosion and deposition  in  volcanic  terrains,  as  elsewhere,  is  controlled  by  the 
climatic contest and the hydrodynamic behaviour of the reworked material.
Volcanic environments often contain particles exhibiting a wide range of grain-sizes and densities 
(pumices  vs  scoriae,  dense  clasts  vs  vesiculated  clasts,  fine  ash  vs  coarse  ash  matrix,  etc.) 
depending on mineralogy and vesicularity and this material often behaves in non-standard ways,  
due to atypical grain morphology variable and sometimes positive buoyancy depending on degree 
of saturation (Manville et al 2009a, Manville et al 2009b, Nemeth and Cronin 2009).
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Fig 3. 13. Vertical variations of Mdϕ,σϕ and ratio of obsidian vs pumices content in the Pal D sub-unit (s33,  
Palizzi valley)
Zanchetta et al (2004) observed that the wet-dry conditions may promote different landforms and 
volcanoclastic facies. In particular the semiarid, steppe-like, poorly vegetated conditions (as those 
of  the  Island  of  Vulcano,  Valentine  et  al  1998)  favoured  the  rapid  and  almost  complete,  
remobilization  of  loose  material  by  infrequent  but  intense  rainfalls,  while  at  the  same  time 
retarding soil stabilization, driving the development of hyperconcentrated-flow-dominated alluvial 
fans (Zanchetta et al 2004). On the other side, more humid environmental conditions favoured soil 
formation and the partial stabilization of loose pyroclastic material, until it is periodically removed 
by mass wasting processes as debris-flows-dominated lahars (Zanchetta et al 2004).
It is interesting to note that, in the stratigraphic record, an appreciable deposit related to the post-
Pal D-forming phase is still lacking. This “delay” in the erosion and re-sedimentation of pumice-
fallouts has been documented also after the AD1886 Tarawera Plinian basaltic eruption and has 
been interpreted to the high permeability of the tephra deposit and gentle relief in the areas of 
substantial accumulation (White et al 1997).
3.5.3 Differences with previous studies
Since the 80's the Fossa cone has been regarded as a type-locality for a "dry-phreatomagmatic-
surges", that formed by enormous phreatomagmatic eruptions (Frazzetta et al 1983, De Rosa et al 
1992, Dellino and La Volpe 1997, Dellino et al 2010). 
The present work differs from the previous ones interpreting in different way both the eruptive 
styles and the emplacement mechanisms.
- Eruptive styles
De Rosa et al (1992) interpreted the presence of spongy vesiculated fluidal fragments and/or spiny 
ones is interpreted by De Rosa et al (1992) as the products of magmatic fragmentation at the 
center of the conduit related to high mass discharge rate, while blocky particles are related to  
hydromagmatic fragmentation that occurred over the rest of the water-magma interface (conduit 
margins).
The  present  work  suggests,  that  the  theory  of  the  "dry-phreatomagmatic-eruption"  is  not 
necessary to explain the features of the pyroclasts within the Palizzi succession.
Recent  studies,  mainly  based on the analysis  of  direct-observed eruptions,  suggested that  the 
presence of these two clast-type end-members are related to the conduit dynamics during mafic 
eruptions and in particular it can be related to the modalities of primary magma degassing relate 
to the difference in ascent velocity within the conduit (es. Ono et al 1995, Taddeucci et al 2004, 
Andronico et al 2009).
This activity is typical for cinder cones located in the volcanic field (Pioli et al 2008, Valentine and  
Gregg 2008,  Di  Traglia  et  al  2009,  Di  Traglia  et  al  submitted)  or  on the flanks  of  large strato-
volcanoes (Parfit 2004, Gonnerman and Houghton 2008, Branca and Del Carlo 2005). However,  
recent eruptive crises testified the possible occurrence of  such activity  also in stratovolcanoes 
(Taddeucci et al 2004, Rosi et al 2006, Houghton and Gonnerman 2008, Nemeth and Cronin 2008, 
Nemeth  and  Cronin  2009).  The  shifting  in  more  intense  eruptive  styles  (sustained  violent 
Strombolian,  fire-fountaining,  sub-Plianian,  Plianian)  is  frequent  and  it  is  related  to  different 
factors, as ascending of volatile-rich magma (Marianelli et al 1999, Pioli et al 2008, Di Traglia et al  
2009,  Cimarelli  et  al  2010),  changing  in  magma rheology  (Valentine  et  al  2006),  variations  in  
conduit geometry (Pioli et al 2008, Genareau et al 2010), and in any case is related to the change in 
magma ascent  rate  and fragmentation  efficiency (Andronico et  al  2009,  Di  Traglia  et  al  2009,  
Cimarelli et al 2010, Valentine and Gregg 2010).
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- Emplacement mechanisms
Frazzetta et al (1983), De Rosa et al (1992), Dellino and La Volpe (1997) and Dellino et al (2010)  
suggested that the stratified ash sequence of the Palizzi succession were deposited by dilute PDCs. 
This  theory,  however,  is  entirely  built  without  strong  tephrostratigraphic  correlations  and 
chronological constrains. In their works, these Authors proposed a correlation between different 
section based on the abundance of pele's hairs within a laminated to massive, coarse ash (sand) 
deposit. The stratigraphic markers used to identify this layer in the most proximal section (Palizzi  
section, Fig 3. 9 of Dellino and La Volpe 1997 pp. 65) are the two sub-Plinian fallout (Pal B and Pal 
D). Passing from proximal-to-distal sections, these layer “disappeared” from the stratigraphic logs, 
making  the  correlations  hard  to  believe.  Given  the  nature  of  the  volcanoclastic  successions, 
composed by several unconformity bounded stratigraphic units (Fisher and Schmincke 1984, Cas 
and Wright 1987, De Rita et al 1997, Nemeth and Martin 2007, Manville et al 2009), a “layer-cake” 
approach  is  obviously  to  reject,  while  the  correlation  between  pyroclastic  or  volcanoclastic 
deposits in stratigraphic sections very distant from each other could acceptable only by means of a  
robust  tephrostratigraphic  or  tephrochronologic  constrain,  i.e.  by  the  presence  of  widespread 
stratigraphic markers of datable layers.
Current  field  studies  revisiting  these  sites  and  adding  many  others,  show  that  the  previous 
stratigraphic  mosaic  is  incorrect,  and many of  the sections  cannot  possibly  be related  to one 
another either genetically or chronologically.
The type localities of the "Palizzi surges" deposits in the southern flank of the Fossa cone have 
been interpret to be either (1) mafic fall sequences or in other cases (mA(s) and mA(ph) facies of Pal C 
sub-unit) (2) stacks of lahar and fluvial sediment derived from the erosion of the flank and forming 
valley-fills (mS(s),  pbS(s),  csS(s) facies of Pal C sub-unit). This sequence formed over a long-term of 
stable  eruptive  activity  (abundance  of  low-order  unconformities  and  mS(s),  pbS(s),  csS(s) facies-
dominated layers).
3.6 Conclusions
The Palizzi eruption started with a long-lasting phases of mafic ash eruptions, punctuated by rest  
period  during  which  erosion  and  re-sedimentation  of  the  materials  occurred,  probably 
contemporary with Vulcanello eruptions (Rosi et al 2009, Fusillo et al 2010; see Chapter 2). Then a 
sub-Plinian eruption, emitting rhyolitic pumices, occurred. The presence of mafic enclaves within 
the  pumices  suggests,  but  do  not  prove,  that  the  injection  of  mafic  magma  into  the  Fossa 
magmatic system triggered the eruption  and these accounts could correspond to the shifting in 
eruptive styles between mafic ash eruptions and sustained small sub-Plinian paroxysm.
The activity continued after a small period of post-eruptive erosion and re-sedimentation, with a 
new long-lasting phases of mafic ash eruptions. The activity shifted newly to a sub-Plinian phase, 
caused by a trachytic magma, and then waning with two effusive events. The first effusive phase 
emitted trachytic lavas that spread in three directions, producing three distinct lava flows, while 
the second effusion produce a rhyolitic lava flow that has covered few hundred metres, forming a 
morphological terraces in the western flak of the Fossa cone.
After the end of the Palizzi eruption, erosion took place, producing reworking deposits at the base  
of  the Fossa cone,  that have been re-eroded before the onset of the sub-sequent Commenda 
eruption.
This study indicates that the Palizzi succession is a composite stratigraphic unit, formed of many 
generations  of  sub-sequent  eruptions  lasted a  long time,  more or  less  one century,  based on 
archeomagnetic  age  and  historical  chronicles.  The  eruptions  shifting  in  intensity  from  violent 
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Strombolian to sub-Plinian, and produced several tephra blankets, with intercalation of reworked 
deposits formed during the rest period in between the eruptive phases.
The eruption ended with two lava effusion, the first produced three distinct lava flows that flowed 
on the NE, NW and S cone-flanks from vents located in the summit crater area (for the NW and S 
flows) and on the higher-most half  of the Fossa cone (NW flows). The second effusive activity 
produced a lava flow that moved few hundred metres from the summit crater area and formed a 
terrace on the NW flank of the Fossa cone. Erosion and re-sedimentation of the Palizzi deposits  
continued until the sub-sequent eruption (Commenda) took place.
This conclusion also highlights that the volcanic hazard associated to a “Palizzi-type” eruption is 
rather dominated by the explosive eruptions ranging in style between violent Strombolian and sub-
Plinian and effusive eruptions rather than potential major PDCs forming events that may disrupt 
the Island of Vulcano. 
Hence the present work suggests,  that the theory of  the "dry-phreatomagmatic-surges"  is  not 
nessesary to explain the volcaniclastic facies associations of the Fossa cone. 
This  volcano should  hence  never  be  used as  a  comparative  example  for  large-scale  explosive 
phreatomagmatism as has been done on several occasions since the 80's.
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4. The XIII century non-juvenile Commenda Eruption: eruptive sequence and physical 
volcanology of a long lasting steam-blast eruption
4.1 Introduction
According to the stratigraphy proposed in the Chapter 2, the products of the XIII century 
Commenda eruption have been grouped in the Commenda Eruptive Unit. These deposits are 
composed only by lithic fragments, implying a non-magmatic origin for these series of explosive 
events.
Such eruptions are common in volcanic and hydrothermal areas and they could occurred as 
isolated events (Le Guern 1980; Yamamoto et al 1999; Ohba et al 2007) or associated with 
magmatic eruptions (Mercalli and Silvestri 1891; Chrétien and Brousse 1989; Calvache and 
Williams 1992; Gardner and White 2002, Scandone et al 2007).
These non-magmatic eruptions have been given a variety of names, including 'phreatic', implying 
that heated groundwater is the driving fluid (Barberi et al 1992 and references therein; 
Germanovich and Lowell 1995), 'hydrothermal' when fluids from a pre-existing hydrothermal 
system are thought to be involved (Marini et al 1993, Browne and Lowless 2001), 'boiling point' 
when the groundwater and/or the hydrothermal system are involved (Mastin 1995)  'gas' when gas 
or superheated water vapor is considered to be driving force (Mastin 1995), 'mixing' when external 
water is heated by hot rocks (Hamilton et al 2010), or 'steamblast' when steam from an 
unspecified source is responsible (Mastin 1995 and reference therein).
In this work a new systematic nomenclature was introduced (Tab 4. 1), simplifying the existing.
The term steam-blast eruptions was chosen for as a generic way to describe the explosions 
produced by the violent expansion of hot fluid medium, whatever the mechanism, as proposed by 
Jaggar (1949), while with gas eruptions were described explosions produced by the sudden 
expansion of magmatic gasses (as Mastin et al 1995).
4.2 Previous studies on the Commenda Eruption
The Commenda eruption was studied by several workers in terms of the general position of its 
deposits into the stratigraphy of the Fossa cone (Tab 4. 2a; Frazzetta et al 1983, De Astis et al 2006, 
Roverato 2008; Tab 4. 1 of Chapter 2), internal stratigraphy and transport-sedimentation 
mechanisms (Frazzetta et al 1983, Dellino et al 2010), the character of the onset and the 
stratigraphical and sedimentological features of its basal portion (Breccia di Commenda; Gioncada 
et al 1995, Gurioli and Sbrana 1999), the eruptive dynamics (Tab 4. 2b), the transport-
sedimentation behaviour (Tab 4. 2c) and the syn-eruptive alteration processes of its middle term 
(Varicolored Tuffs; Dellino et al 1990, Capaccioni and Coniglio 1995). In addition, the alteration of 
the lithic clasts of the Breccia di Commenda unit was used to reconstruct the sub-surface structure 
of the Fossa cone (Fulignati et al 1998, see Chapter 1). Following the reconstruction of Frazzetta et 
al (1983), the products of the Commenda eruption were grouped into the the Commenda cycle, 
that begun with the Breccia di Commenda unit, was followed by the Varicolored tuffs and ended 
with the emission of the Commenda Lava (Frazzetta et al 1983). According with these Authors, the 
Forgia Vecchia 1 crater formed during this period (Frazzetta et al 1983). The age of the Commenda 
cycle was attributed by Frazzetta et al (1984) at 1.400 years BP, based on the presence of a rhyolitic 
white tephra interpreted as the distal deposits of the Mt. Pilato eruption, dated by archaeological 
data by Keller (1970, 1980). De Astis et al (2006), grouped the products of this eruption into the 
Caruggi Formation, erupted about 1250 years BP, during the Monte Pilato eruption (Island of 
Lipari; Dellino and La Volpe 1995, Dellino and La Volpe 1996; De Astis et al 2006) and it is made up, 
at the base, of the breccia unit,  followed by the density stratified varicolori ash unit  (De Astis et al 
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2006, Dellino et al 2010).By these Authors the Commenda Lava (Frazzetta et al 1983) belongs to  
the older succession (Palizzi Succession, De Astis et al 2006) and it is not related to the Commenda 
Eruption.
Roverato (2008), based on its stratigraphic reconstructions, coupled with the archeomagnetic age 
given by Arrighi et al (2006), confirmed that the Commenda Lava was related to the Palizzi 
Eruption and therefore it preceded the Commenda Eruption (Roverato 2008). 
The reconstructions of the internal stratigraphy of the eruption are quite controversial between 
the different authors.
Regarding the basal portion, Frazzetta et al (1983) recognized a widespread phreatic explosion 
breccias containing both fall and flow sub-units. Thin breccia-fall deposits are scattered around the 
crater, whereas the flow deposits only crop out near the base of the cone in the Palizzi area. The 
fall, consisting of non-stratified angular fragments of lava in a sparse matrix, has a maximum 
thickness of 40 cm and the clasts range from a few centimeters to 30 cm maximum size. The 
pyroclastic-flow deposits has an abundant fine matrix, numerous fumarolic pipes and reach a 
maximum thickness of 3 m in the Palizzi area. 
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Tab 4. 1. Terminology used for the non-juvenile eruptions in this work.
The fragments are trachyte to andesite and have a yellow surface alteration due to fumarolic 
action within the vent prior to explosion (Frazzetta et al 1983). Gioncada et al (1995) and Gurioli 
and Sbrana (1999) observed a quite different and more complex stratigraphy of the Breccia di 
Commenda Unit. They recognized: i) one thin, grey ash layer, rich in accretionary lapilli, dispersed 
to the NW, corresponding to the opening phase; ii) a lithic-rich, radially distributed, strongly 
topographically controlled, coarse-grained pyroclastic flow deposit, corresponding to the 
paroxysmal phase; iii) several grey ash layers, rich in accretionary lapilli, related to the final phase. 
Based on their reconstruction of the facies variations and sedimentological features, Gurioli and 
Sbrana (1999) suggested that the pyroclastic flow deposit is consistent with the sedimentation 
form an inertial, density-modified flow (Gurioli and Sbrana 1999). They also discovered that there 
are several rhyolitic ash layers from the Mt. Pilato eruption, located at the base (intercalated with 
the opening ashes) and at the top of the Breccia di Commenda unit (intercalated with the final 
ashes).
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Tab 4. 2a. Summary of the internal stratigraphy of the Commenda Eruptive Unit (modified after 
Frazzetta et al 1983; De Astis et al 2006; Roverato 2008; Dellino et al 2010; this work)
Tab 4. 2b. Summary of the eruptive styles proposed for the Commenda Eruption (modified after 
Frazzetta et al 1983; Dellino et al 1990; Gioncada et al 1995; Gurioli and Sbrana 1999; this work)
Following Dellino et al (2010) the basal part of the Commenda Eruption consists of: i) a metric 
layer of dense lapilli-and-blocks set in an ash matrix (which is related to the en masse 
emplacement by a concentrated flow accumulated at the base of the cone); ii) a dense lapilli and-
blocks layer due to ballistic fallout, dispersed mainly to the south; iii) a finely laminated ash layer 
associated to a dilute pyroclastic density current, that crops out at south. The deposits mainly 
consist of lithic clasts, showing a high degree of hydrothermal alteration. 
Acccording to Frazzetta et al (1983), The Breccia di Commenda unit lies below the Varicolored Tuffs 
unit, interpreted as a series of wet surge units.
Dellino et al (1990) interpreted the Varicolored Tuffs unit mainly composed by of a densely 
stratified sequence of latitic ash layers, due to turbulent and diluted flows, mostly of the wet type. 
They extensively crop out on the cone flank, in the Caruggi area, and also over La Fossa Caldera 
rim, at Punta Luccia. The maximum thickness, outside the crater, is over 5 m.
Capaccioni and Coniglio (1995) asserted that the varicolored appearance of this unit is related to 
the syn-depositional alteration of the glass shards due to the action of fluids condensed from the 
eruptive clouds (Capaccioni and Coniglio 1995).
Regarding the eruptive dynamics, the main difference regard the opening phase of the eruption: i) 
phreatic explosion (Breccia di Commenda) followed by a phreatomagmatic eruption (Varicolored 
Tuffs) proposed by Frazzetta et al (1983), Dellino et al (1990), Dellino et al (2010); while Gioncada 
et al (1995) and Gurioli and Sbrana (1999) proposed a complex interpretation for the basal portion, 
with a vulcanian opening phase, a magmatic-hydrothermal paroxysmal phase and a final 
phreatomagmatic phase. These latter interpretation was based on the nature of the lithic and 
juvenile clasts recognized by the authors within the deposits. In the products of the Breccia of 
Commenda and of the 1888-90 eruption, the following alteration classes can be distinguished in 
the lithic fraction: a) silicified lavas and tufts; b) alunite ± gypsum altered lavas and tufts; c) 
phlogopite and talc altered lavas and subvolcanic rocks; d) salitic to Fe-hedenbergitic clinopyroxene 
and garnet-bearing rocks; e) recrystallised rhyolitic rocks, banded, with a Fe-hedenbergitic to Ca-
aegirine clinopyroxene widespread in a quartz-feldspathic groundmass, showing lithophysae with 
quartz, tridymite and hematite crystallised in the vapour phase.
They interpreted the silicified and argillified clasts as the portion of the hydrothermal system 
expelled by the explosion due to the injection of a plug at shallow depth inside the Fossa cone, as 
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Tab 4. 2c. Summary of transport-sedimentation mechanisms proposed for Commenda eruption 
products (Frazzetta et al 1983; Dellino et al 1990 Gurioli and Sbrana 1999; Dellino et al 2010; this 
work)
testified by the presence of flow-banded, recrystallized rhyolitic clasts. The presence of sub-
vulcanic latites, trachytes and thermometamorphic/metasomatized rocks (Na-cpx or garnet 
bearing) represented the enlarging and deepening of the craters (Gioncada et al 1995). The 
sulphur isotopic data given by Gioncada et al (1995) evidenced the importance of the 
hydrothermal system in the opening phase, while the ashy matrix of the paroxysmal phase 
deposits gave higher value of δ34S, suggesting the dominant role of the magmatic gasses during 
this phase (Gioncada et al 1995).
In  the  Chapter  2  (Fig  4.  1),  the  products  of  the  Commenda  Eruption  were  grouped into  the 
Commenda Eruptive Unit (CEU) that is, together with the Palizzi Eruptive Unit (PEU), part of the 
Palizzi-Commenda Eruptive Cluster (PCEC).
CEU lies on the unconformity S3 and four main 
sub-unit  were  recognized,  namely  Commenda 
Grey Ash (CGA), Commenda A (CA), Commenda B 
(CB)  and  Commenda  C  (CC).  Based  on  the 
presence  of  several  low-order  unconformities 
within the succession and by the features of the 
deposits,  several  distinct  phases  and  pulses  of 
volcanic activity were recognized.
In the lower part of the succession three white 
ashy layers (Gurioli and Sbrana 1999) are present, 
constituted  by  white  pumices,  white  pellets  or 
accretionary  lapilli  and  black  obsidian  clasts, 
rhyolitic  in  composition  (Roverato  2008,  Albert 
pers. com.).
These  riolithic  layers,  related  to  the  Mt.Pilato-
Rocche  Rosse  eruption  (PR,  Mt.Pilato-Rocche 
Rosse  Tephra,  Dellino  and  La  Volpe  1995, 
Roverato  2008;  Di  Traglia  et  al  2010;  Chicco 
personal  communication)  of  the Island of  Lipari 
(named  PRa-c),  are  inter-bedded  with  the 
Commenda  EU,  between  CGA  and  CA  and 
between  CB  and  CC,  giving  a  chronological 
constrains to the age of the unconformity S3 and 
hence to the opening of the Commenda Eruption.
As discussed in Chapter 2, these three pomiceous ashy layers were related to the AD776 (Keller 
2002) cone-forming phase of the event (Mt. Pilato tephra; Cortese et al 1986; Dellino and La Volpe 
1995) by Keller (1980), Frazzetta et al (1983) and De Astis (2006), while Roverato (2008), Rosi et al  
(2009) and Fusillo et al  (2010) associated them to the final explosive phase (the Rocche Rosse 
tephra,  Cortese et  al  1986)  that  preceded the effusion of  the 1230±40 AD Rocche Rosse lava 
(Arrighi et al 2006).
In the  tephrostratigraphic framework of Chapter 2, were proposed  a more adequate correlation 
with the cone-forming phase (Mt.Pilato tephra, Cortese et al 1986) instead with the final phase 
(Rocche Rosse tephra, Cortese et al 1986) as proposed by Roverato (2008), based on the scarcity of  
obsidian clasts in the three tephra beds deposited on the Vulcanello platform and in the Fossa area 
(Chicco pers. comm.).
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Fig 4. 1. Simplified geological map of the northern-
side of the Island of Vulcano. Localization of the 
analysed stratigraphic sections are also reported. 
OVEP: Older Vulcano Eruptive Period; PEU: Palizzi 
Eruptive Unit; V.llo (1, 2, 3): Vulcanello eruptive 
units (1, 2, 3), modified after Fusillo (2008); CEU: 
Commenda Eruptive Unit; GCEC: Gran Cratere 
Eruptive Unit.
From tephrochronologial point of view, the presence of the PR layers above the Pal E (Palizzi lava)  
set a constrain to date of the Mt.Pilato-Rocche Rosse layers between the 1230±20 AD (the effusion 
of the Palizzi Lava from the Fossa cone, Arrighi et al 2006) and the 1230±40 AD (the effusion of the 
Rocche Rosse Lava from Mt. Pilato, Arrighi et al 2006). Therefore the Commenda eruption occurred 
in the ADXIII century.
4.3 Data collection
4.3.1 Stratigraphy and dispersal areas
Here the internal stratigraphy (Fig 4. 2), the main 
lithofacies features of the deposits (Tab 4. 4) produced 
during the Commenda were presented, based on data from 
about 170 stratigraphic sections in natural outcrops and 
trenches.
Vertical boundary between two sub-unit, signing the 
transition from one eruptive phase (or pulse) to one other, 
are marked by low-order unconformities, represented by 
erosional surfaces or the presence of exotic tephra layers, 
corresponding to the time gap between each phase (or 
pulse) long enough to produce erosion to the underling 
deposit or to sediment the tephra bed from an eruptive 
columns.
Vertical variation between each sub-unit and insight each 
sub-unit were analysed to obtain the fluctuation of the 
eruptive styles with time, while the lateral transition 
between different lithofacies were studied to highlight the 
transport-sedimentation mechanisms of the products and 
to discriminate the primary and the volcanoclastic 
deposits.
CGA
CGA sub-unit is made up by two distinct layer, CGA1 and 
CGA2 (Fig 4. 3) and are inter-bedded with the first layer of 
the  Mt  Pilato-Rocche  Rosse  Tephra  (PRa),  with  some 
evidence  of  contemporaneous  depositions  of  CGA2  and 
PRa (Chicco, pers. comm.).
CGA1 is a gray ashy layers, rich in pellets or accretionary 
lapilli, composed by altered lithic ash. On the Fossa cone 
and in the surrounding plains it overlies the S3 covering the 
products  of  the  Palizzi  EU,  whereas  in  the  more  distal 
outcrops it directly lies on top S1, topping the products of 
older eruptions.
CGA2 is a gray ash layer very similar to CGA1, composed by 
altered  lithic  ash,  rich  in  pellets  or  accretionary  lapilli. 
Where observed, CGA2 lies on the top of PRa, that unmistakably separates the two CGA layers. In 
the SE sector of the cone, a detailed analysis of three mechanical-made trenches revealed that a 
contemporaneous sedimentation by CGA2 and PRa.
This “gray-white-gray”sequence of tephra layers formed an “ashy triplet” well recognizable in the 
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Fig 4. 2. Synthetic log of the Commenda 
Eruption. Abbreviations are referred to 
the text.
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Fig 4. 3. 
Stratigraphic relationship between the different sub-units. a) trench in the south-eastern sector of the 
Fossa cone (s148); b) and c) outcrops in the Palizzi valley (s54, s45); d) outcrop in the southern flank (s39); 
e) outcrop in the Vulcano Porto town (s48).
field, useful for the stratigraphic purposes. The triplet was often found hardened and detailed SEM 
analysis  show a  vesiculated  tuff  appearance  and  the  presence  of  some incrustation  made  by 
secondary minerals (S-bearing), well developed in the CGA layers (Fig 4. 4).
In the studied area, the the thickness if CGA1 vary from 10 to 1 mm with a dispersion toward west,  
while the thickness of CGA2 vary from 8 to 5 mm with a dispersion toward south.
CA
CA  sub-unit  is  constituted  by  four  distinct  levels,  CA0,  CA1,  CA2  and  CA3  (Fig  4.  3).  Where 
preserved, it generally overlies the CGA-PR triplet, with little erosional features between the two 
deposit. The clasts, the same in all the levels, are composed by: black-bluish, altered lavas, with red 
incrustation; altered, gray obsidian lavas; very altered, gray lavas; black, spherulitic obsidian lavas; 
very altered, black obsidian lavas, with gray flow-banding; black scoriae with red incrustation
The ash-matrix, if present, is red and constituted by altered clasts and crystals, with the exception 
of CA3, where the matrix is composed by a fine, red to grey mud.
Chapter 4. Pag. 8
Tab 4. 3. Summary of the main features of the deposits.
CA0 is structured as coarse-grained and fines-poor, discontinuous lenses or layers of coarse lapilli  
to boulder-size clasts, cropping out at the base of the cone (Fig 4. 5a and Fig 4. 5b) and in more 
distal sections (Fig 4. 5 and Fig 4. 5d), mainly in the SE sector (SE foot of the cone and on the 
Primordial Vulcano E-flanks). The discontinuous layers and lenses are poorly sorted and constituted 
by both coarse lapilli and boulder-size clasts. Fig 4. 5d show the maximum clasts dimension in the  
studied outcrops. 
The contact between CA0 and the CGA-PR triplet is marked by soft-sediment deformation (Fig 4. 5a 
and Fig  4.  5b)  and features  related  to  erosion-by-excavation,  with  fragments  of  the  underling 
deposits admixed with CA0 (Fig 4. 5d).
In general,  ballistic  fragments (CA0) are present elsewhere  in the CA1 (Fig 4.  5b).  Evidence of 
impact craters formed mainly on the area in the south-eastern direction respect to the Fossa cone, 
but also occur in several other places around the volcano as isolated craters. Most impact craters 
range in diameter between 5 cm and 20 cm, but some largest measured 60 m across and 30 cm in 
depth. Ballistic clasts are well distinguishable from CA1 deposits only in very distal outcrops (s150 
and s152, Fig 4. 5c and Fig 4. 5d), while in medial and distal zones they are mixed with CA1.
The  CA1  level  is  a  polimittic,  mainly  fines-poor  and  clast-supported,  lapilli  deposit,  found  as 
continuous layer or in discontinuous lenses. It is generally normal or inverse-to-normal graded, but  
in some outcrops CA1 is massive, richer in ash with an abundance of coarser clasts (Fig 4. 6 and Fig 
4. 7).
The distribution of CA1 is radial respect to the Fossa cone, with a main directional component to S-
SE, covering an area of about 4,7 km2and it crops out on the cone-flanks, in the ring-plain area, on 
the southern Fossa Caldera walls  and on the Primordial  Vulcano flanks,  in southeast  direction 
respect to the Fossa cone. Despite the radial distribution, CA1 shows a main flow direction towards 
SE. The thickness vary on flat surfaces between 150 and 70 mm from the more proximal to the 
more  distal  outcrop,  respectively.  Thickness  vary  also  respect  to  the  paleo-topography,  with 
increase in thickness (maximum 200 mm) in the palelo-depressions, as observed in some outcrops 
in gullies on the southern cone-flank an at the Palizzi valley.
CA1  show  three  main  facies,  corresponding  to  different  distance  from  the  vent  and  paleo-
topographic irregularities.
-  Fines-poor,  lapilli  tuff  (fpoorLT):  it  is  a  fines-poor,  mainly  clast-supported  facies,  found  as 
continuous layer or in discontinuous lenses. The deposit is not stratified, friable, openwork texture
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Fig 4. 4. SEM images of the CGA layers, S-rich incrustation are well identifiable in both CGA1 and CGA2. a) 
boundary between CGA1 and PRa; 2) boundary between PRa CGA2.
and paucity in fines. It is generally reverse-to-normal graded, but sometimes it show only normal 
grading (Fig 4. 6). The fpoorLT facies characterize the CA1 deposit from medial (cone-flanks) to 
distal (ring-plain) to very distal (Primordial Vulcano flanks) zones.
-  Diffuse  laminated lapilli  tuff  (dlLT):  it  is  characterised  by  lapilli-tuff  with  thin  (millimetre-  to 
centimetre-thick) diffuse layering defined by subtle grain-size variations (Fig 4. 7). The lamination is 
not  well  defined,  but gradual  thickening and thinning,  and even splaying,  are well  observable 
together  with  lateral  changes  in  grain  size  and  sorting.  Most  individual  layers  within  diffuse-
stratified and thin-bedded lithofacies are not laterally persistent, and low-angle truncations may be 
abundant. The grading pattern is not repeated regularly, showing inverse grading, normal grading,  
and inverse-to-normal grading.
-  Lens  of  lithic  breccia  (lensBr):  it  is  a  fines-poor,  mainly  clast-supported  facies,  found  as 
discontinuous lenses on the Fossa Caldera walls in the south-eastern side respect to the Fossa 
Cone. The clast-size vary between small boulders and large lapilli, with very low fines-content.
The CA2 deposit is constituted by a sequence of fines-poor and fines-rich cross-bedded laminae 
(Fig 4. 8). Each laminae is normal graded, from coarse to fine ash, and a general normal grading of 
the CA2 sequence is observed. CA2 outcrops only in the Palizzi valley, at S and SW respect to the 
Fossa  cone,  and it  always  overlies  the CA1 with  a  sharp  contact.  The basal  surface of  CA2 is  
relatively  without  irregularities,  due  the  almost  complete  filling  of  the  small  topographic 
depression by CA1.
CA3 is a polimittic, massive and chaotic mud-and-pebble deposit. It crops out only in few outcrops 
in the Palizzi valley (Fig 4. 7a) and in the Baia di Levante areas.
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Fig 4. 5. CA0. a) and b) trenches in the south-eastern sector (s148 and s147), soft-sediment deformations 
and erosion of the underling layers are evidenced; c) and d) ballistic blocks in the more distal outcrops 
(s150 and s151), about 2100 m from the crater.
CB
The Commenda B (CB) consists in a massive breccia deposit  (Fig 4. 9). This sub-unit has a radial 
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Fig 4. 6. 
Details of the CA1 fines-poor lithofacies observed in the mechanical-dug trenches at the abse of the 
Fossa cone in the SSE sector. The CA1-forming PDC responded to the large-scale flat morpholgy producing 
homogeneous structural and textural features (fpoorLT), while major variations arevisible in the thickness 
of CA1, that is thicker in correspondence to small-scale topographic irregularities.
dispersion at the base of the La Fossa cone, with change in its geometry in the different cone's 
sectors. 
In the northeastern zone (Porto di Levante), in the 
western and southern zone (Palizzi  valley) CB is 
mainly confined in deep (max up to 5 m), huge 
(ca. 3-5 m) valleys, and it  is massive, showing a 
reverse to normal graded coarse-tail,  with fines-
poor pipes in the upper zones (Fig 4. 9).  In the 
same areas, within larger valleys (up to 10 m), this 
sub-unit consist in a massive deposit, with reverse 
graded coarse-tail in the valley axis, while in the 
valley  margins  is  chaotic,  with  no  evidence  of 
coarse-tail grading.
In the south-eastern sector CB is deposited on a 
flat  surfaces  forming a  wide  fan  made up by  a 
series  of  lobes,  with maximum height  of  1,5  m 
and wide 10 m. 
This  deposits  are  constituted,  as  CA,  by  lithic 
fragments (from lapilli to blocks) of altered lavas 
of different types within a sand-size lithic matrix. 
Large blocks, up to 1 m especially present in the 
Palizzi valley, are sub-rounded, with extensive 
alteration in the edge and little alteration in the 
interior, but they do not show evidence of 
thermal contraction.
The coarser fraction is composed by: black-bluish, 
px-bearing,  very  altered  lavas;  altered,  gray 
obsidian  lavas,  rich  in  black,  px-bearing, 
porphiroclasts; very altered,  bluish obsidian and 
white  pumices  agglomerates;  px-  and  fls-bearing,  very  altered,  gray  lavas;  black,  spherulitic 
obsidian lavas, with white matrix; very altered, black obsidian lavas, with gray flow-banding; black  
scoriae with red incrustation; very altered, black lavas and gray obsidian agglomerates.
In  some outcrops,  especially  in  southern  and southeastern  sector,  the  CB shows accretionary 
lapilli-rich lenses on the top, just below the PRb layer (Fig 4. 10a). 
CB show three main facies, corresponding to different paleo-topographic irregularities (Fig 4. 9).
- Massive Lapilli Tuff (mLT): it is characterized by a massive and chaotic appearance, rich in fine-ash 
and with an abundance of coarse clasts (Fig 4. 5). This facies characterizes the deposit of the CB 
unit in most of the outcrops, especially in the south-eastern flank of the volcano, where the pre-
existing topography was relatively flat (~5° slope angle) without abrupt changes due to gullies or 
valleys.
-Massive Lapilli Tuff with fines-poor pipes (mLTpip): it is similar to mLT, but it is characterized by the 
presence of vertical, fines-poor pipes. This facies characterizes the deposit of the CB unit in the 
major paleo-valleys, as the Palizzi valley on south. The thickness vary between 1 to 4 m. The pipes  
are generally 30 cm to 1 m long and 5 to 15 cm wide. 
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Fig 4. 7. Diffuse layering defined by subtle grain-size 
variations in CA1. a) outcrop inside Vulcano Porto 
town (s48); b) outcrop at the Palizzi valley (s54)
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Lithic Breccia (mlBr): It is characterized by a massive and chaotic appearance, rich in lithic boulders 
(up to 1  m in  diameter)  enclosed in a  scarce,  coarse  ash matrix.  This  facies characterizes the 
deposit of the CB unit only in one area of the Fossa cone, that is the sector of the Palizzi valley at N  
respect to the end of the Palizzi lava flow. This area was characterised by a complex 
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Fig 4. 8. CA2 deposits. a) and b) sharp contact and flat surface between CA2 and CA1; c) and d) 
topographic irregularities (Pal E lava boulders, s27) not completely covered by CA1 produced subtle 
thickness variation on CA2.
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Fig 4. 9. Different facies within CB sub-unit, respect to the pre-existing morphology at the Palizzi valley 
(transversal section respect to the Fossa cone). On relatively flat topography, CB-forming PDC produced 
mLT litofacies, while break in slope reduced the PDC competence increasing the sedimentation rate and 
depositing the coarser clasts (mlBr). In Palizzi valley fines-poor pipes also occurred, probably due to the 
interaction between the PDC and stream-water
morphology  before  the  deposition  of  the  CB  unit.  In  particular  in  this  area  there  was  the 
intersection of one large, radial gullies coming from the upper part of the cone and the Palizzi 
valley. Here the CB deposit reached its maximum thickness (up to 345 cm), showing the transition 
from mLt at the base, mLTpip in the medial and lateral zones, and a lens of mlBr on top.
CB1
CB1 sub-unit is a sequence of gray, massive, accretionary lapilli-rich ash layers, composed by lithic 
fine-ash and clay minerals, recognized as lenses or parallel-bedded ash-layers (Fig 4. 10b).
Within the basal layers, two rhyolitic, white ash layers (PRb and Prc; see later for descriptions of PR 
layers) were recognized and related to the Mt.Pilato-Rocche Rosse eruption (Gurioli and Sbrana 
1999).
This sub-unit crops out sporadically only in the southern sector (Palizzi valley), generally always on 
the top of CB, with thickness between 15 and 20 cm.
In the outcrop S24, CB1 overlies the pipes-rich facies of CB unit, without any evidence of interacton 
between the degassing pipes and the falling CB1-ash.
CB2
CB2 is  a  sequence of  massive,  chaotic,  matrix-  to clast-supported,  sand and block deposits.  It  
cropped out mainly at the base of the cone in the NE sector and showing maximum thickness (up 
to 1 m) into narrow gullies. It is constituted by pale-red, lithic sandy matrix and polimittic lava 
boulders (Fig 4. 11).
Within CB2, three rhyolitic, white ash layers related Mt.Pilato-Rocche Rosse(Prb,PRc and PRd; see 
later for descriptions of PR layers) were recognized.
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Fig 4. 10. a) Detail on CB1-lenses in the Palizzi valley; b) stratigraphic relationship between CA1, CA3 and 
CB1 in absence of CA2 and CB3.
Fig 4. 11. Stratigraphic relationship between CB, CB2 and the different PR layers in the north-eastern 
sector of the cone (Punte Nere cape, s137).
CB3
Is a massive mud, hardened deposit, cropping out only in few sections in the Palizzi valley. The 
geometry of this deposit is lenticular, lying beneath CB1 and filling the morphological lows on the 
top of CB. The thickness vary from 10 cm to about 1 m, and the extent of these lenses vary from 
few tens of centimeters up to ten meters.
CC
This  sub-unit  is  constituted  by  a  sequence  of  stratified,  mainly  parallel-bedded  ashy  layers, 
composed by very altered, lithic ash, rich in plastic deformation, small-scale erosion channels and 
gravitational slumps (Fig 4. 12)
In the outcrops where the sequence is almost complete (paleo-topographic lows, s81 and s103, Fig 
4. 10), it is possible to identify at least 9 planar-bedded, ash sequence. Each ash sequence is 
constituted by massive or normally graded ash laminae and it is bounded by erosional surfaces, 
planar incrustation and sandy or muddy deposits. 
The sandy deposits are massive or wavy-laminated sand, while the muddy deposits are massive 
and rich in bubbles, but same huge muddy deposits show remnants of ashy laminae inside.
All the CC layers are composed by lithic fine-ash and clay minerals. Coarser layers (coarse ash) are 
rare,  but  also present  and they are  composed by altered  lithics  (Fig  4.  12e).  Some layers  are 
constituted  only  by  accretionary  lapilli,  while  other  are  hard  vesiculated-tuff  layers.  Gradation 
between accretionary lapilli-rich and vesiculated-tuff layers, as described in the Phlegrean Fields by 
Rosi (1992), are also present (Fig 4. 12d).
In the crater area the sequence is up to 20 m thick (Fig 4. 13), while in the most distal recognized 
outcrop (Vulcanello  platform) CC is  represented only  by  few cm thick  sequences  of  mm thick 
yellow-brownish layers. In the outcrops at the base of the Fossa cone (s81 and s103), were possible 
to measure the thickness of each ashy sequence, that vary from 2 to 60 cm, with a thickness of 
each lamina that vary between 0,2 to 2 cm (Fig 4. 12a, Fig 4. 12b and Fig 4. 12c).
CC1
CC1 is a sequence of massive, chaotic, matrix-supported, mud and block deposits. It cropped out 
mainly ant the base of the cone, near the main valleys and showing maximum thickness (up to 2  
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Fig 4. 12. Features of the CC sub-unit. a), b) and c) evidence of syn-eruptive erosion and re-sedimentation 
in between the CC-forming phase; d) detail on the accretionary lapilli and vesiculated tuff layers; e) 
evidences of stronger explosions testified by the presence of coarse-grained layers in the CC sequence
m) into narrow gullies. It is constituted by pale-red, lithic ash matrix and polimittic lava boulders.
The Mt. Pilato-Rocche Rosse tephra layers
As  described  above,  the  Mt.Pilato-Rocche  Rosse  (PR)  tephra  layers  were  located  in  different 
position within the pyroclastic succession of the Commenda eruption.
The detailed study of these layers gave an unique opportunity to constrain the relative timing of 
primary sedimentation of erupted materials and syn-eruptive erosion and re-sedimentation (Fig 4.  
14).
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Fig 4. 13. Features of CC in the summit crater area. a) and b) C2-forming sequence; c) slumps in CC on the 
upper portion of the cone-flanks; d) and e) up to 5 m thick CC layered succesion in the summit crater area
The  approach used here,  considered each PR layer  not  as  an  isochron within  the Commenda 
deposits,  as  yet  considered in Chapter  2,  but as  a  tephra marker  deposited by a  diachronous 
sedimentation on the Island of Vulcano. In this view outside from the zones affected by massive  
sedimentation from the Fossa cone (summit crater area, cone-flanks and ring plain) the primary 
deposition could produce only condensed successions, while the exogenous tephra layers show 
the  maximum  details  on  the  periods  of  intra-eruptive  sedimentation,  erosion  and  re-
sedimentation. These successions correspond to the stratigraphic unit Fossa C of the Chapter 2 and 
are located on the Vulcanello Platform, on the top of the Fossa lavas (Pal E), between the Fossa 
cone and the Fossa Caldera south-eastern wall and on the eastern flank of the Primordial Vulcano 
(Fig 4. 15).
The different dispersal axis of the Commenda products created a thickness-relationship with the 
PR layers, depending on the different sector (i.e. the different wind conditions) of the Fossa cone. 
In the northern areas (Vulcanello Platform), the four white-rhyolitic layers were deposited without 
intercalation of  Fossa-derived tephras,  forming a  ~5 cm thick white  blanket on the Vulcanello 
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Fig 4. 14. Event-stratigraphy of the Comenda Eruption. t1 to t10 are isochrons and correspond to the 
onset of each eruptive or reworking pulses. Scant of absolute chronological contrains, the reconstruction 
is based only on stratigraphic evidence (relative chronology). Homogeneous grey colour in the left side of 
the diagram represent the undisturbed sedimentation of the PR layer on the Vulcanello platform.
shoshonitc lavas (Roverato 2008, Fusillo 2008, Rosi et al 2009, Fig 4. 15a). In one trench (Fig 4. 15b)  
were  possible  to  recognize  little  syn-PR  reworking  process  and  a  lot  of  post-PR  erosion  and 
redeposition.
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Fig 4. 15. Evidence of diachronous sedimentation of the PR layers. a) Vulcanello platform; b) 
risedimentation of PR layers on Vulcanello platform; c) PRb and PRc layers in the Porto di 
Lavante bay area; d) intra-CGA2 PR lamina, testifying the coeval sedimentation from the Mt. 
Pilato-Rocche Rosse and Commenda plumes; e) reworked lenses during the sedimentation of 
PRa; f) and g) stratigraphic relationship between PRb, PRc, PRd and the CB2 lahar deposits; h) 
PRa under the CA1-CA2-CB sequence, signing the presence of large-scale topographic 
irregularity (Palizzi valley); I) presence of PRb and PRc layers within CB1. The aim of this image 
is to attest the importance of the detailed studies on these layers as indispensable key to 
understand the timing of the Commenda eruption.
Approaching the Fossa cone from the North, in the Vulcano Porto ring plain, the deposits of the 
Commenda eruption were more clear visible. The CGA1 layer lies below PRa, that were separated 
from the other laminae by CA1.
Circling the Fossa cone in different direction, the PR succession highlights different phenomena 
occurred during the Commenda eruption.
In the southern sector the first layer related to the Mt.Pilato-Rocche Rosse eruption (PRa) lies  
between the deposits of the CGA1 and CGA2 laminae.
These ashy-triplet were general surmounted by the deposits of the three PDCs of the Commenda 
eruption (CA1, CA2 and CB), with different geometry depending on paleo-topography and flow 
behavior.
The  ashy-triplet  shows  evidence  of  erosion  by 
external agents (water), by ballistic-shower (CA0, 
Fig 4. 4) and also it shows evidence of erosion and 
deformation by PDCs (CA1, Fig 4. 16).
In the same areas, the upper most PR layers (Prb, 
Prc  and  PRd)  deposited  thin  (~1  mm  or  less) 
laminae within CB1 deposit.
In  the  north-eastern  sector,  they  were  not 
recognized, while the upper PR layers deposited 1 
to 5 cm thick laminae inter-bedded with primary 
and  reworked  deposits  of  the  Commenda 
eruption.  The  PRb  and  PRc  layers  generally 
overlies CB (Fig 4. 15f), with no or little deposition 
of CB1, while in between PRc and PRd and above it, some reworked deposits (lahars, CB2) were 
recognized (Fig 4. 15g).
In the south-eastern side of the cone, PRa shows two important features. Firstly there are signs of 
intermittent deposition between PRa and CGA2, with discrete PRa laminae inter-bedded within 
CGA2 (Fig 4. 15d). Secondly, the ashy-triplet, together with the underling deposits (PEU), were 
strongly  eroded by the ballistic  shower produced during the climatic  phase of  the Commenda 
eruption (CA0-forming phase; Fig 4. 15e).
In the same zone, the PRb layer directly overlies the CB deposits and were capped by the CB1 
accretionary-lapilli rich layers. PRc and PRd, were not recognized and were probably eroded before 
the deposition of CC (CB2-CB3 forming phase).
Another outcrop crucial to this reconstruction is located on the eastern flank of the Primordial  
Vulcano (S153, Fig 4. 15e), showing that during the deposition of PRa some reworking processes 
occurred, forming lenses of volcanoclastic material within the layer.
4.3.2 Eruptive style, nature and mechanisms of transport and sedimentation of the products
Based on the stratigraphy and lithofacies data of CEU deposits, especially by the presence of only 
non-juvenile components, the sequence and style of the eruption appear to be a long lasting series 
of steam-blast explosions, which could occur by sudden decompression of highly pressurized 
hydrothermal system (generally fluid-rich explosion) or by large input of magmatic gases (generally 
steam-rich explosions, Mastin 1995). The Commenda eruption can be reconstructed as follows:
CGA
The two ash layers of the CGA sub-unit were interpreted here as two lithic ash-fallouts, related to 
the opening phase of the Commenda eruption, as yet proposed by Gurioli and Sbrana (1999). The 
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Fig 4. 16. Deformations of the “ashly triplet” (CGA1-
PRa-CGA2) by CA1-forming PDC.
difference in the direction of dispersal axis of the CGA1 and CGA2, indicates a change in the wind 
direction and thus a time-breaks among the two explosion.
The massive structures, the presence of interstitial precipitation of secondary minerals together 
with the presence of ash-pellets or accretionary lapilli suggest that these two layer seem to be 
formed by a plume wet enough to produce aggregation of the ash particles in wet condition, as 
proposed Rosi (1996) for the vesiculated tuffs of the Phlegrean Field. Following the aggregation, 
the particles (pellets or accretionary lapilli) fell forming a pellets- or lapilli-supported beds; 
succeeding by rapid transformation of the beds into vesiculated tuff by coalescence of aggregated 
clasts promoted by rain- or mudfall. Finally hardening of the vesiculated tuff occurred by post-
depositional reaction of the altered lithic ash with acid species scavenged from the eruptive cloud 
by ash and water droplets.
The relative small thickness of the two deposits, together with the wet conditions, indicate that 
the explosions were driven by a small amount of steam, with a major contribution of the 
hydrothermal system of the Fossa cone, instead a substantial involvement of deep magmatic gas.
The hardened appearance of the ashy triplet below the CA deposits indicates a time interval 
between the opening phase (CGA) and the high-intensity, CA-forming explosions.
CA
The discontinuous and lenticular geometry, the poor-sorting, the open-network texture and the 
distance from the vent of CA0 layer, together with the style of erosion by excavation and soft-
sediment deformation of the underlying deposits, suggests that CA0 is the products of ballistic 
fallout from an impulsive and high-energetic blast-like explosion (see sub-chapter 4.2 for the 
estimation of energy and overpressure). The sporadic presence of fragments of the underlying 
deposits within CA0 could represent a spray of clasts from eroded by a heavy continuous rain of 
large ballistic fragments impacting the ground, as proposed for the same features recognized in the 
LU layer of the 1968 Blast of the Arenal Volcano (Alvarado et al 2006).
The relationship between paleo-morphology, the deposits geometry and clast-size variation, 
allowed to interpret CA1 as the result of a first dilute pyroclastic density current (DPDC) that 
spread in radial direction from the crater, with a SE main direction component. 
The presence of CA0 blocks mixed within CA1 deposits suggests the simultaneous deposition of 
the two layers the ability of the CA1-forming PDC to carry ballistic blocks
The fpoorLT facies has been interpreted as the products of an high depositional rate from a dilute  
PDC, that prevent bedding to develop and that grading will be the only structure present in the 
deposit (Boudon and Lajoie 1989). The fine depletion hint of density segregation (Valentine 1987) 
and a possible, fines-rich upper flow system that moved far away respect to the extent of these 
facies,  as  proposed  for  the  AD1814  PDC  of  the  Mayon  Volcano  (Bornas  et  al).  The  diffuse 
laminations of the dlLT facies have been interpreted as the record of subtle unsteadiness within 
the flow-boundary zone of a depositing current (Branney and Kokelaar 2002). The breccias lenses 
record localized  current non-uniformity,  such as depletive competence due to the presence of 
obstacles (Valentine 1987). The occurrence of lenslBr lithofacies in correspondence of the Fossa 
Caldera  walls,  suggest  that  the  flow was  “forced”  to  deposit  coarser  particles  coused by  the 
reduction of flow competence due to the “blocking-effect” of the caldera walls (Valentine 1987).
Decrease in momentum due to deceleration on a slope also reduce turbulence generation, a fully  
turbulent,  homogeneous  flow  may  develop  density  stratification.  Depending  on  the  balance 
achieved between driving and resisting forces, increasing concentration of particles at the base of 
the flow may result in enhanced deposition and loss of mass from the current and the basal, more 
concentrated part of the flow, may behave different than that of its diluted upper part (Valentine  
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1987).
Conversely, CA2 is related to a series of smaller dilute PDC that were more directionally in the 
southern-side of the Fossa cone.
This interpretation is supported by the change in deposits geometry and clasts-size of CA1 and 
CA2.
The change in clasts-size in CA2 from coarse-grained to fine-grained laminae could be interpreted 
as the variation in flow competence with time and CA1 could be interpreted as the first deposited 
lamina, rich in coarse and dense clasts due to the flow stratification (Valentine 1987, Druitt 1992). 
However field data as the difference in dispersal area, radial with SE main direction for CA1 and 
directed to S for CA2, the clasts-size variation within CA2 and the constant presence of a sharp 
contact between CA1 and CA2, do not supporting this interpretation
Therefore, CA1 and CA2 were interpreted as two different DPDC produced by at least two pulses, 
as proposed by Rosi (1989) and Hoblit (2000) for the the 18th May 1980 Lateral Blast at Mt St 
Helens.
This interpretation could be accepted only if the flows were very unsteady, i.e. the flows was not 
continuously supported at vent.
This thus suggest a very impulsive nature of the explosions, as also evidenced by the ballistic 
fallout represented by CA0, deposited simultaneously or before the CA1 layer. In the case of a blast 
explosion, which is seem to be the CA case, the flows were not supported by a long-lasting 
explosions, but only by small, short-lasting pulses, as observed at the 18th May 1980 Lateral Blast at 
Mt St Helens (Hoblit 2000) or at the 15th March paroxysmal explosion at Stromboli (Pistolesi 
pers.com.).
The CA0-CA1 couple thus represents the climatic phase of the Commenda eruption, in which the 
upper part of the conduit were fragmented and expelled at high velocity in a very short time 
period. The following explosions (CA2) represent the “tail” of this high-intensity phase, triggered 
by less and less-pressurized gas that could be able to spread high-fragmented material in the 
surrounding. The high-directionality of CA2 deposits is not well understood, but it is probably 
related to the geometry of the vent.
The upper part of the conduit should should have broken and ejected as dense pyroclasts under 
higher energy conditions during the deposition CA1, resulting in the impact fragmentation of 
ballistic blocks, incorporated to the CA1 deposits in medium outcrops, while in distal and very 
distal outcrops the accumulation of isolated clasts or discrete lenses well separated by CA1 could 
be possible due to the relative shorter time of ballistic-flight compared with the flow-time. These 
feature were also observed in the LU layer of the 1968 Blast of the Arenal Volcano (Alvarado et al 
2006).
CA3
This layer is interpreted as a small reworking deposit formed during the time interval between the 
CA and the CB phases. It crops out sporadically, in a single bed, suggesting a short and not intense 
period of erosion and re-deposition between the two explosive phases.
CB
The variation of the deposits geometry and clast-size respect to the pre-existing topography, 
allowed to interpret CB as the product of a pyroclastic denty current deposit. The PDC spreads in 
all directions, followed the pre-existing topography. In the southeaster sector, where the paleo-
topography was relatively flat, the flow produced a fan-shaped deposit, constituted by several 
lobes. On the other sector CB is channelized within the major cone's channels. In the Palizzi valley, 
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the ridge made up by previous lava (Palizzi Lava Flow) divided the flow in two branches, that only 
partially reach to sediment on the top of the ridge. The branch on the south of the ridge reached 
the Palizzi valley, deposited a large amount of material, filling and blocking the valley. The other 
branch, on the N of the ridge, reached the valley and continued northwards, until its momentum 
ended.
The poor sorting and absence of stratification in the mLT facies indicate a fluid escape-dominated 
flow-boundary zone in which turbulent shear induced tractional segregation is suppressed and the 
abundance of  fine  ash  indicates  that,  although fluid  escape may have characterized the flow-
boundary zone and involved elutriation of fine ash, the process was not sufficiently developed to  
elutriate all  of  the fine ash (Branney and Kokelaar 2002).  The paucity of  fine ash in the pipes 
(mLTpip)  relative  to  the  mLT  has  been  interpreted  as  the  results  of  removal  of  the  fines, 
presumably as the result of elutriation by gas escaping through the uncompacted or compacting 
deposit. Elutriation pipes occurring above formerly wet substrate as rivers or sea-coasts have been 
interpreted to the results of vertical vapour flashes (Branney and Kokelaar and references therein).  
Another interpretation, has been proposed for the pipes observed in the March 15th 2007 PDC 
deposits from the paroxysmal event of the Stromboli volcano (Pistolesi pers. comm.), where the 
pipes has been observed nucleate above a large, hydrothermally altered lithic boulders.
In the CB case, no boulders have been observed at the base of the pipes, while the occurrence of 
mLTpip within the major valley or near the coast, strongly suggests the relationship between pipes  
and  wet  environments.  Localized  occurrences  of  mlBr  has  been  interpreted  as  the  record  of 
localized current non-uniformity, such as depletive competence due to a break of slope (Macias et 
al 1998, Branney and Kokelaar 2002).  Local curvature of the topography (break in slope) reduces 
the gravitational driving force and hence change the partition between driving and resisting forces 
in gravity-driven currents. Strong changes in slope increase normal stress at the bed more than 
weaker changes, resulting in greater normal bed frictional  forces (Giordano 1998; Macìas et al 
1998).
The CB deposit was produced by a third explosive phase, less-intense respect to the CA phase, 
related to a burst of a less amount (and probably less pressurized) of magmatic gases, able to 
remove a large amount of rocks from the cone interior, but not enough to spread it at great 
distance and at great velocity.
CB1
The ash layers of the CB1 sub-unit were interpreted here as a series of lithic ash-fallouts, formed in 
conditions very similar to the CGA.
The relative small thickness of the two deposits, together with the wet conditions, indicate that 
the explosions were driven by a small amount of steam, with a major contribution of the 
hydrothermal system of the Fossa cone, instead a substantial involvement of deep magmatic gas.
The relationship between CB1 and pipes-rich facies of CB unit suggest that the sedimentation of 
CB1 occurred after the development of the degassing pipes in the CB dense PDC.
Insight the CB1 deposit two layers are related to the Mt. Pilato eruption (Prb and PRc ).
CB2 and CB3
This layer is interpreted as the reworking deposits formed during the time interval between the CB 
and the CC phases. They crop out sporadically, CB2 in the north-eastern sector, while CB3 in the 
Palizzi valley , suggesting some different reworking processes in the two areas.
The features of CB2 allowed to interpret this sub-unit as a series of lahar deposit, mainly deposited 
by debris flows.
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Given the presence of CB1 below the CB3 deposits and the similarity between the CB1 ash and the 
CB3 mud, this latter sub-unit were interpreted as the product of the erosion and re-deposition of 
CB1 into low-energy environments, as small ponds, forming on the top of CB into the Palizzi valley.
The presence of the three PR layer within CB1 and CB2 and the relationship between Cb1 and CB3, 
allow to assert that during the CB1-forming explosive phase, in the Island of Vulcano, there were 
wet environmental conditions able to produce contemporaneous wet (mud) fallout (CB1), to 
trigger lahars in the north-eastern sector (CB2) and to create small ponds CB-filled Palizzi valley 
(CB3).
CC
CC is interpreted as a long-lasting ash emission that produced a widespread, thinly laminated, 
altered-ash deposit, rich in accretionary lapilli and showing signs of post-depositional 
remobilization. The presence of accretionary lapilli-rich layers, together with the vesiculated tuff 
layers and mud-flows deposits suggest high-water content both in the eruptive mixture than in the 
weather condition.
Studying in detail the CC succession, at least 9 different phase of explosive activity were 
recognized, each one characterized by several discrete explosions.
The presence of low-order erosional surfaces and syn-eruptive reworked deposits testify the long 
duration of this phase. Some consideration on the features of the internal unconformities and the 
nature of the reworking deposit are useful to constrain the duration of each phase. In particular, in 
the two outcrops studied in details (s84 and s103), each ash sequence related to a single explosive 
phase were bounded by small erosional surfaces and by small reworking products. The only 
exceptions to this stratigraphic architecture are the presence of a rock coating surface (RC, 
Fulignati et al 2002) and three massive muddy deposits, interpreted as three mud-flows.
While the former indicates a significant time-break in the CC deposition, from years up to decades 
(Fulignati et al 2002), the latter do not necessary correspond to a long non-eruptive period.
The RC surfaces are typical features of the Island of Vulcano and are interpreted as the products of 
 water/rock interaction under low pH conditions (pH3 values for the distal RC, Fulignati et al 2002). 
The the genesis of RC are mainly represented by volcanic aerosols, dews and subordinately by rains 
acidified by interaction with acid volcanic gases (SO2, Hcl, HF). The rates of formation of proximal 
RC are two or three orders of magnitude higher than the coatings in other environments, as the 
arid regions, where the rate of RC formation is about few micrometers per millennium (Liu and 
Broecker 2000). The formation of the RC is also strongly influenced by the wind direction (Fulignati 
et al 2002, Fulignati et al 2006), mainly directed to ESE in the Island of Vulcano (Graziani et al 1997, 
Fulignati et al 2006). In our case, the two studied section were located downwind and hence the 
RC formation is strongly adverse.
Considering these factors, the duration of the CC-forming phases may have been long for years or 
decades, with some phases very close to each other and phases separated by a time period years-
to-decades long.
CC1
The features of CC1 allowed to interpret this sub-unit as a series of lahar deposit, mainly deposited 
by debris flows, following the CC-forming eruptive phase. These laharic sequence covered a 
significant time period, from the cessation of the lithic-ash emission from the Fossa cone to the 
resumption of the eruptive activity in the ADXV century (see Chapter 2 and 5).
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4.3.3 Ejecta velocities and vent overpressure
Following the method proposed by Fagent and Wilson (1993) and using the calculator of ballistic 
trajectory built up by Mastin (2001), the range of velocity and ejection angles CA0 blocks have 
been evaluated. Six blocks were measured in the more distal outcrops, at distances between 1600 
m and 2100 m from the western zone of the summit crater area. Given the uncertainty of the exact 
vent location, in the evaluation of the velocity an error of 100 m were considered.
In this method volcanic ejecta were are initially in contact with air that is travelling at 
approximately the same speed as the clasts, implying that the initial drag force on the clasts is 
essentially zero, and drag only becomes important as the speeds of the clasts and the air 
progressively decouple (Fagent and Wilson 1993).
Following Mastin (2001), the governing equations of the ballistics are
dv x /dt=F x/m=−v x ρa vACd/2 m  (1)
and 
dv z/ dt=F z/m=[−v z ρa vAC d /2m ]−g  ρr− ρa/ ρr  (2)
where dv/dt is the acceleration of the block in the horizontal (x) and vertical (z) directions, F is the 
force of drag against the ambient fluid, g is the gravitational acceleration (9.81 m/s2), ρa is air 
density, ρr is density of the ballistic block, A is cross-sectional area of the block, Cd is drag 
coefficient on the block, m is the block’s mass, v is the block’s velocity (i.e., the magnitude of the 
velocity vector) and t is time (Mastin 2001).
A and m depend on the shape and size of the block while the air density (ρa) varies with elevation 
and is recalculated at each point in the trajectory using the equation for a perfect gas (Mastin 
2001)
The drag coefficient (Cd) is the drag force acting on a block, divided by the product of kinetic 
energy per unit volume of ambient fluid impinging on block and the block’s cross-sectional area. 
The drag coefficient influences the final range of a block but varies greatly depending on its shape, 
orientation, and roughness. and varies with two dimensionless parameters: Reynolds number (Re) 
and Mach number (M). 
The Reynolds number for external flow (Re≡ ρavD/η, where η is fluid viscosity) relates the 
importance of viscous forces (in the denominator) to inertial forces (in the numerator) while Mach 
number (M≡ v/c) relates the velocity (v) and sound speed in air (c).
Recent studies (Alatorre-Ibargüengoitia and Delgado-Granados 2006) indicate that volcanic 
projectiles move in a range of Reynolds number (Re) values where Cd is independent of Re and the 
drag coefficients of volcanic fragments were found between the values of spheres and cubes with 
low values (Alatorre-Ibargüengoitia and Delgado-Granados 2006). This study revealed that the 
reconstruction of the flight path of volcanic ballistic ejecta needs an adequate Cd, compared with 
the values proposed by Mastin (2001).
Visual observations of ballistics ejection (Mercalli and Silvestri 1891, Nairn and Self 1978, Formenti 
et al 2003, Rosi et al 2006) indicate that the blocks are initially enveloped in a cloud of tephra and 
other fragments that move at roughly the same velocity as the large blocks and therefore provide 
little or no drag (and may even provide some lift, Mastin 2001). Fagents and Wilson (1993) 
postulate that the ejected mass accelerates to a maximum velocity (vo) at some distance (ro) and 
time (to) from its initial position, then decelerates at the rate:
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v=v0r 0/r 
2 e−t / τ  (3)
where the time constant t is related to the ratio of initial gas pressure (pgz) to atmospheric
pressure (pa):
τ= pgz / pa t0  (4)
(Mastin 2001).
At a radial distance (r) less than rd, a reduced drag coefficient (Cdr) is calculated from the formula:
Cdr=Cd  r /r d 
2  (5)
The value of rd is likely to be tens to hundreds of meters (Nairn and Self, 1978) and assuming that 
most of the reduced drag exists when the block is enveloped within the tephra cloud (Mastin 
2001).
Using the Bernoulli modified equation to relate the overpressure, the cloud velocity (Ugas) and to 
the gas mass fraction (n):
U gas
2 =2[nRT /m ln Pgas /Patm1−n/ ρejectaP gas−Patm] (6)
where R is the gas constant, T is the temperature of gas, m is the molecular gas mass, and ρejecta is 
the density of ejecta (Self et al 1979, Ripepe and Harris 2008).
The calculated overpressure, gas mass fraction and cloud velocity do not refer to the pure gas 
phase, but to the gas-particle mixture and it thus represents the lower limit of the possible gas 
dynamics (Ripepe and Harris 2008).
From these calculations the velocity of ejection were 190-200 m/s, corresponding to a vent 
overpressure of 0.2-2 Mpa, using the method proposed by Ripepe and Harris (2008) and 
considering a difference of 50-100 m/s between the velocity of the gas-particle mixture and the 
ejected blocks. Considering the inferred eruptive style of the CA0-CA1-forming phase (widespread 
PDC-forming explosion), the minimum value, characteristic of the strombolian activity (Ripepe and 
Harris 2008), was not taking in account.
4.3.4 Erupted volume and mass
The volumes of the tephra fall deposits (CGA1, CGA2 and CC) were calculated using the method 
proposed by Pyle (1989) while the volumes of the PDC deposits (CA1, CA2 and CB) were calculated 
integrating the thickness variation in a dedicated GIS (Platz et al 2007, Di Traglia et al 2009, Bellotti 
2010, Di Traglia et al submitted; Fig 4. 17).
Despite the existence of several methods to evaluate the amount of ballistic ejecta (for example 
Kilgour et al 2010), it was impossible to calculated the volume of the ejected blocks during the 
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Tab 4. 4. Summary of the results of the volumetric and energetic calculations.
CA0-forming phase. Although, given the simultaneous ballistic-ejection and PDC spreading, we 
considered the volume of CA0 comprised within the calculation of CA1 deposit.
Volumetric data were reported in Tab 4. 4 and show the CGA, CA- and CB-forming phase emitted a 
volume of two order of magnitude lower than the CC-forming phase, but in a lower time interval.
Using the Bernoulli modified equation (Self et al 1979, Ripepe and Harris 2008), the mass fraction 
of gas involved in the CA0-CA1-forming phase have been calculated. 
The mass values for the solid (5,42x108 kg) and gas (1,79x107 kg) fraction were used to obtain a 
range of mass discharge rate (MDR, 105- 107 kg/s) and gas discharge rate (104- 106 kg/s), considering 
a typical duration of the explosive pulse during a impulsive eruption (Vulcanian and blasts) of 10-
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Fig 4. 17. Isopach maps of the primary deposits of the CEU. a) CGA1; b) CGA2; c) CA1; d) CA2; e) CB; f) CC.
10003 sec (Formenti et al 2003, Belousov et al 2007).
4.3.5 Physical parameters of the pyroclastic density current deposits
In the following section were summarized the features of the PDC deposits produced during the 
Commenda eruption, with particular attention to the CA1 and CB sub-unit. These sub-units were 
selected  because  they  represent  the  most  dispersed  and voluminous  deposits  showing  entire 
spectrum of field characteristics, i.e. the range of maximum expected PDCs in a Commenda-type 
eruption (high-intensity steam-blast eruption).
- Mobility
Once reconstruct the facies variations with the distance to the vent and the relationship with the 
substrate, the main mobility parameters have been evaluated for the studied deposits.
The mobility parameter (ΔH/L) captures the ability  of gravity driven mass flows to move down-
slope (Hayashi and Self 1992; Iverson, 1997; Calder et al 1999). The ratio ΔH/L defines the
coefficient of friction of the mass flow (Hayashi and Self 1992), and reflects the Mohr-Coulomb 
angle of internal granular friction (Freundt 1999).
Hayashi  and  Self  (1992)  asserted  that  different  material  properties  rather  than  different 
emplacement mechanisms appear to be the best explanation for the difference in the log(volume) 
versus log(H/L) regression lines for pyroclastic flows, volcanic and non-volcanic debris avalanches 
(Hayashi and Self 1992). They also suggested that, although partial fluidization probably does occur 
in  many  pyroclastic  flows  influencing  the  internal  deposit  texture,  it  is  needless  to  invoke 
fluidization as a primary mechanism for reducing friction during the emplacement of dense flows.
Dade  and  Huppert  (1998)  proposed  different  analysis  of  the  mobility  of  rockfalls  and  debris 
avalanches considering the “relative run-out” (L/H)
L /H = ρgV / λH 2 τ 1/3  (7)
as a  measure of the efficiency of rockfall movement (Dade and Huppert 1998). They considered 
the simplest case in which a mass  M  of debris and loose rock, having fallen from a height  H, is 
subjected to a constant, overall resisting shear stress τ during run-out. Their results shows that the 
area overrun by an avalanche (A) is:
A= λ1 /3∗gMH / τ 2 /3  (8)
where λ is is the ratio of the average width to the length of an avalanche deposit (A/L2),  g is the 
gravity, and τ is  a modulus of resistance associated with internal deformation and friction at the 
lower boundary of a mobile mass and its value is in the range 10–100 kPa (Dade and Huppert 
1998). 
They also introduced the friction number, Nf, as:
N f =ρgH /τ=A
3 /2/ λ1/2∗V  (9)
representing  the upper  limit  for  the  ratio  of  inertia  to  constant-stress  resistance  (Dade  and 
Huppert 1998). 
They also asserted that, considering Nf in the narrow range of 103 (mean value 1500±600), long 
run-out rockfalls are typically near the upper limit of a regime of non-turbulent flow and also that 
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there is a strong correlation between area raised to the power 3/2 and the volume of an avalanche 
(Dade and Huppert 1998).
Calder et al (1999), considering the observations of Hayashi and Self (1992) and Dade and Huppert  
(1998), analysing the mobility behaviours of the PDCs produced by lateral blast, dome collapses 
and fountain collapse at Soufriere Hills Volcano (Montserrat). Their results show that the aspect 
ratios (A/V)2/3 are relatively independent from the volume of the currents and that the plan aspect  
ratios  λ are  smaller  than other  large avalanches and this  reflects  the channelization  of  small-
volume flows (Calder et al 1999). They also proposed the strictly relation between  L/H and  ψ, 
which is given by:
ψ=ρgV /H 2  (10)
and represents the magnitude of the event in term of potential energy.
The  mobility  of  the  pyroclastic  density  currents 
(Tab 4.  5)  has  been inferred using the methods 
proposed by Dade and Huppert (1998) and Calder 
et  al  (1999).  The length (L),  inundated area (A) 
and  volume  of  the  deposits  have  been 
extrapolated by integrating stratigraphic data and 
volcano  topography  (DEM-based  analysis)  in  a 
dedicated  GIS  (GNV  project).  The  values  of  the 
collapse  hight  (H)  has  been  inferred  using  the 
field  relationship and reconstructing  the energy 
lines  (Malin  and  Sheridan  1982)  from  the 
maximum extent of the deposits, as proposed by 
Yamamoto  et  al  (1999)  and  Yamamoto  et  al 
(2005).
The ratio A/V 2/3 gives a dimensionless measure of 
mobility calibrated for similar types of pyroclastic 
currents,  and  such  calibrated  mobility  factors 
have  a  potential  use  in  volcanic  hazard 
assessments  (Vallance  et  al  2010).  Mobility  of 
PDCs is largely influenced by genesis, energy, and 
grain-size  characteristics  and  thus  the  main 
difference in mobility between the different flows 
could  be  explained considering  their  origin  and 
physical composition, resulting in low mobility of 
coarse-grained, dense block-and-ash flows (from 
dome  collapses)  respect  to  the  fine  grained 
pumice  flows  (from  fountain  collapse)  and 
secondary PDC (density-driven transformation of  dilute PDCs; Calder et  al  1999, Vallance et al 
2010). Dilute PDCs are highly mobile and have a mobility factor of A/V 2/3>430 (Calder et al 1999) 
while the column-collapse and derived PDCs have a moderate mobility factor of A/V 2/3>130 (Calder 
et al 1999). Dome-collapse PDCs have a mobility factor of A/V 2/3>36 (Calder et al 1999). 
Dade and Huppert (1998) emphasized that maximal values of Nf should be of the order of 103 for 
strictly  non-turbulent  transport  conditions  (Dade  and  Huppert  1998  and  references  therein). 
Comparison  between these data and the mobility  values  obtained from CA1 and CB deposits  
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Fig 4. 18. Comparison between the mobility of CA1 
and CB flows with other case-studies (data from 
Calder et al 1999 and Fujinawa et al 2008): a) 
volume vs area; b) volume vs aspect ratios (A/V)2/3. 
CB lies within the field of column collapse flows in 
both graphs, while CA1 is clearly more mobile, 
resembling a surge in both diagrams
suggest two different flow genesis and behaviours (Fig 4. 18, Tab 4. 5). In particular, the mobility 
factor (A/V 2/3) vary between 216 (CB) and 668 (CA1), while the friction number (Nf) vary between 
4.08x103 (CB) and 2.93x104 (CA1), respectively.  These 
data  suggest  two  different  genesis  for  CA1  (dilute 
PDCs)  and  CB  (column  collapse)  and  also  strongly 
support  the  field  evidence  of  a  mostly  turbulent 
transport for the CA1-forming current and a frictional 
behaviour for the CB-forming one.
- Grain-size
Moreover,  the  products  have  been  sampled  in  22 
sections  and analysed  in  the  laboratory  to  constrain 
the  grain-size  distribution  respect  to  the  lithofacies 
variation.  The  main  analysis  (16  samples)  were 
performed on the CA1 deposits,  because the widest 
dispersal  area  and  the  largest  erupted  volume.  Six 
samples taken from CB in different sector of the volcano (three sections), and one from CA2, have 
been also analysed, with the aim to compare the grain size distribution of the two PDC deposits 
(Fig 4. 19 and Fig 4. 20, Tab 4. 6).
To improve the field- and laboratory-based analytical framework, a set of radially-directed tranches 
were dug in the southern sector of the Fossa cone, were the present-day topography is relatively 
flat and no-natural outcrops are present.
The samples were firstly dried and then sieved at 
0.5ϕ intervals, from -4ϕ to 5ϕ, in the Grain-size 
Laboratory  of  the  Earth  Science  Department  of 
the  University  of  Pisa.  The  collected  data  were 
then  processed  to  obtain  the  statistical 
parameters generally used in sedimentology and 
physical  volcanology  to  constrain  the 
sedimentation behaviours of geophysical flows. In 
particular,  were  chosen  the  median  diameter 
(Mdϕ)  and  the  fifth  percentile  of  the 
granulometric distribution (ϕ5), following Boudon 
and Lajoie (1989), Lajoie et al (1989) and Dellino 
et al (2008).
The  CA1  is  generally  well-sorted  respect  to  CB 
with  an  evident  depletion  in  the  finer 
components, excepted in same samples where it 
is very poorly sorted and rich in fine particles (Fig 4. 19).
The values of median (Mdϕ), and fifth percentile (ϕ5) have been used to constrain the velocity of 
the CA1-forming PDC.
Average velocity of PDCs (generally small-volume) were measured during some recent eruptions  
(Voight 1981,  Calder et  al  1999,  Loughlin et  al  2002,  Sparks et  al  2002,  Belousov et al  2007),  
although direct measurement of the velocity of a pyroclastic density current is difficult. 
In  absence  of  direct  measurement  of  PDCs  velocity,  some  theoretical  models  were  proposed 
(Bursik and Woods 1996; Dade and Huppert 1996) together with calculations based on deposits  
features (see below, Sheridan 1979; Malin and Sheridan 1981; Kieffer and Sturtevant 1988; Lejoie 
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Tab 4. 5. Values of the mobility parameters for  
CA1 and CB derived DEM analysis 
Fig 4. 19. Mdφ vs σφ diagram (Walker 1971) 
showing the grain-size features of CA1 (blue 
squares), CA2(white trinagle) and CB (red 
diamonds). Five additionary fields have been 
included: pyroclastic surges and flows (Walker 
1971); block-and-ash flows, fines-poor and fines-
rich surges (Cole et al 2002).
et al 1989; Braisette and Lejoie 1990; Dellino and La Volpe 1996; Pittari et al 2007; Dellino et al  
2008) and the effects of the moving current on the surrounding areas (Valentine 1998, Clarke and 
Voight 2000).
The main limits of these models and calculations are linked to the unknown actual flow thickness 
and concentration profile (i.e. density stratification with height) at certain point (Lejoie et al 1989;  
Braisette and Lejoie 1990; Pittari et al 2007).
The method proposed by Valentine (1987) and applied by Woods et al (2002) for the deposits of 
the 1997 December 26th “Boxing Day” explosion of the Soufrière Hills Volcano (SHV, Montserrat) 
has been used.
This methods and the is based on the assumption that a geophysical surface flow behaves as a 
turbulent boundary layer shear flow (TBLSF).  The mixture of fine-grained ash and gas rises from 
crater or fragmenting dome as a negatively buoyant fountain and it  rapidly decelerates to rest 
under gravity, since the mixture is much denser than the air, attaining a maximum height of a few 
hundred metres (Woods et al 2002). Material then spreads and sinks back to the ground to form a 
radially spreading gravity current.
Valentine (1987) and Woods et al (2002), based on the work of Middleton and Southard (1978),  
have shown that the ability of the current to maintain particles in turbulent suspension depends 
on Pn (Rouse number), defined yet as the ratio of the particle fall speed and the frictional or shear  
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Tab 4. 6. Summary of the grain-size analysis of CA1, CA2 and CB deposits
velocity (vs) of the current.
This concept is at the base of the well-known Rouse equation (Rouse 1939; Valentine 1987; Dellino 
et 
al 
2008):
C  y =C0∗ y0/H tot⋅y0∗H tot⋅y / y
Pn
 (11)
where C is the particle volumetric concentration, y boundary layer thickness, y0 a reference level 
within the flow boundary zone (bed load), at which concentration, C0, is known (~ 75%). Htot is total 
flow thickness.
Pn is the Rouse number and is given by:
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Fig 4. 20. Comparison between CA1 and CB deposits in two different sectors of the Fossa cone: a) Eastern 
edge of the Vulcano Porto town (Porto di Levante); b) south-eastern sector of the Palizzi valley
Pn=1 /C ave∑C i∗Pni  (12)
in which Cave is the average particle concentration in the flow, Ci is the concentration of the solid 
fraction with Pni, the particle Rouse number equal to:
Pni=wi /k∗u s  (13)
where  k is the Von Karman  constant, equal to 0.4 and defined by the ratio between the mixing 
length (L) and the current height (Valentine 1987) The term wi is the settling velocity, defined by 
Kunii and Levenspiel (1969 ) for spherical particle as:
w=3.1gdρs / ρ f  (14)
 
where ρf is the density of the flow whereas us is shear velocity, that is:
us=τ / ρ f  (15)
where τ is the tangential stress (Dellino et al 2004), that, for a current which travels on a inclined  
surface with angle α, is equal to:
τ= ρ f −ρatmg y sin α   (16)
High particle Rouse numbers (>2,5) are referred to large and/or dense clasts that are transported 
in  suspension  by  turbulence  only  at  high  shear  velocity,  while  lower  particle  Rouse  number 
characterize the suspended load transport (Valentine 1987, Lejoie et  al  1989).  Very low Rouse 
numbers  (Pni~0.5)  correspond to small  or  light  particles  that  can be efficiently  transported in 
suspension by fluid turbulence and constitute the suspension population that are transported at 
any level  within a PDC as fluid components (influencing the fluid density),  while particles with 
intermediate Rouse numbers (0,5<Pni<2.5) are only intermittently carried in suspension (Valentine, 
1987, Lejoie et al 1989, Woods et al 2002, Sulpizio and Dellino 2008).
The “suspension criterion” prosed by Middleton and Southard (1984) assumes that a particle in a 
turbulent suspension tends to deposit when the settling velocity is greater then the shear velocity 
(us):
usw  (17)
several authors used this relation to constrain the shear velocity of different pyroclastic density 
currents (Lejoie et al 1989; Brisette and Lajoie 1990; Dellino et al 2000; Dellino et al 2008). 
The shear velocity is related to the mean current speed by the relation:
u=us /k ln  y /R=us /k ln 30y / k s  (18)
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where  u is the mean flow velocity,  w is the particle settling velocity and  y/R  is the ratio of the 
boundary layer thickness of the flow and the surface roughness length (Valentine 1987). 
As  mentioned  earlier,  low  Rouse  numbers  (Pni<2.5)  correspond  to  particles  constitute  the 
suspension  population  that  are  transported  at  any  level  by  turbulence  (Pni~0.5)  or  particles 
intermittently carried in suspension (0,5<Pni<2.5; Valentine, 1987; Woods et al 2002).
Knowing or assuming the different flow parameter (particle diameter and density, settling velocity, 
the particle volume concentration of the flow, the thickness of the flow boundary layer and the  
height of the roughness elements) it  is  possible to estimate the flow speed as function of the 
particle diameter ad Pni (Valentine 1987; Woods et al 2002). 
Various  discussions  were  made  about  the  best  particle-size  population  that  could  be 
representative, and then useful, for the velocity calculations. 
Lajoie et al (1989) used the 5% values of the grain-size cumulative (φ5) curves of the Mt. Pelee 
PDCs  as  the  representative  coarse-grain  size  for  which  the  terminal  velocity  equals  the  shear 
velocity (Lajoie et al 1989), Brisette and Lajoie (1990) proposed the mean grain-size (χφ) as the best 
size to represent the traction-saltation population (Brisette and Lajoie 1990), while Dellino et al 
(2000),  Dellino et al (2004) used the median grain-size (Mdφ) as Dellino et al (2008),  that also 
proposed the standard deviation (σφ) as the associated range of variations (Dellino et al 2008).
For 
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Tab 4. 7. CA1 grain-size parameters used for velocity calculations
Fig 4. 21. Example of Pn vs u diagram utilized for the velocity calculation, using flow density as 
500 kg/m3
the values of flow density, a range between 100 kgm-3 and 500 kgm-3 has been used as proposed by 
Valentine (1987), Woods et al (2002) and Dellino et al (2008). The median and fifth percentile are  
used to obtain a minimum value of velocity necessary to transport the clasts (Tab 4. 7). The Mdφ 
has  been  considered  as  representative  of  the  particles  intermittently  carried  in  suspension 
(0,5<Pni<2.5; Valentine, 1987; Woods et al 2002), while the 5φ has been considered the particles 
cannot be suspended in the flow (Brisette and Lajoie 1990, Woods et al 2002).
Fig 4. 21 illustrates an example of the variation of Pn respect to the mean flow velocity (u) for the 
considered clast-size (calculation using the flow density as 500 kgm-3). Posing Pn=2.5 and Pn=10 in 
the calculated equations for the  Mdϕ and  ϕ5 values, respectively, the minimum and maximum 
values of flow speed for each sample have been obtained.  Considering al the values, a range of 
velocity between 23 and 186 m/s has been calculated, in good agreement with values for similar, 
well-constrained PDC deposits, as Mount St. Helens (~200 m/s; Valentine 1987), and SHV (80-120 
m/s; Woods et al 2002).
Pyroclastic  density  currents  cause damage from dynamic  pressure,  which is  the instantaneous 
pressure above background the flow exerts on an obstacle and is  a  function of  the bulk  flow 
density and horizontal velocity exerted on objects, and it is due to the high temperatures, and by 
the abrasive power of particles in the currents (Valentine 1998; Clarke and Voight 2000, Pittari et al  
2007; Dellino et al 2008).
The dynamic pressure is given by:
Pdyn=0.5 ρ f u
2  (19)
where u is the velocity of the flow (Valentine 1998).
Considering a range of flow density between 100 and 500 kgm -3,  as  evaluated in other dilute, 
mainly turbulent PDCs, a range of dynamic pressure produced by the CA1-forming flow between 
0.2 and 8.6 kPa is obtained.
4.3.6 Energy consumption
The total mechanical energy released by past eruptions could be calculated, merging field-derived 
data and parameters obtained in laboratory experiments, from the physical-thermodynamic 
properties of magmas, pyroclasts, and fluid phases and crater size and ejecta volume (Taddeucci et 
al 2010). 
The model used here (Crater Excavation Model, CEM) is based on the analytical relationship 
between crater size, ejecta volume, and eruption energy for a variety of eruption styles (Sato and 
Taniguchi 1997). This model were improved during time, trough studies based on field-scale 
explosion experiments and the above relationship has been extended to include explosion depth, 
overpressured blasts, and range of ballistic ejecta (Goto et al. 2001; Yokoo et al. 2002), and tested 
on the Usu 2000 phreatic explosions, Japan (Yokoo et al. 2002).
Crater diameter (D in meters) and ejecta volume (V in cubic meters) of magmatic and 
phreatic/phreatomagmatic eruptions are linked with the following relationship:
D=0.11V 0.42  (20)
for magmatic explosions, and 
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D=0.97V 0.36  (21)
for phreatic and phreatomagmatic ones (Sato and Taniguchi 1997).
Goto et al (2001) derived a similar relationship between D and V, 
logD=0.32 logE−2.06  (22)
based on more data than Sato and Taniguchi (1997).
Based on the relationship between erupted volume (V), crater size (D) and explosion energy (E) it 
was possible to evaluate the energy variation during the different phases of the Commenda 
eruption (Tab 4. 4. 4). Considering the repetitive nature of the CB1 and CC sequences, and given 
the similarity of the each CB1- and CC-forming laminae with the CGA layers, it was not evaluate the 
energy of these phases using the cumulative volume but were considered as phase of discrete 
explosions of the same order of magnitude of the CGA layers.
Even thought the features of the deposits are very different, the energy consumption during the 
different phases of the Commenda eruption range in the order of 1011-1012 J, with the peak of 
intensity during the CA0-CA1-forming , where at least 3.75x 1012 J were consumed to eject 2.71x 
105 m3 of lithics, forming a calculated crater of about 90 m.
4.4. Discussions
4.4.1 Chronology of the eruption
Based on the data presented here, the Commenda eruption of the Fossa cone were reconstructed 
in term of timing of the eruption, eruptive style and main emplacement mechanisms.
The absolute timing of the onset of the eruption is obtained by the presence of the exotic PR layers 
(~ AD1240) intercalated within the basal part of the CEU, while given the absence of dated (or 
datable) material in the uppermost part of the Commenda sequence, the age of the end of the 
eruption is still lacking.
At least 3 eruptive stages, composed by several phases and pulses of different intensity and 
duration were recognized (Fig 4. 22). According to the stratigraphy, dispersal areas and thickness 
variation, the Commenda eruption started with a lithic-ash emission (CGA1). This first explosion 
was followed by another very similar (CGA2), contemporaneous with the rhyolitic eruption of the 
Mt.Pilato-Rocche Rosse (Island of Lipari; Keller 1980, Cortese et al 1986, Dellino and La Volpe 
1995). The features of the two lithic-ash layers show evidence of deposition in wet condition, 
probably due to vapur-rich plumes.
After the time necessary to sediment and to harden the previous erupted material, the eruption 
continued reaching its climatic phase (CA), ejecting ~2.8x106 m3 of altered, lithic material in two 
main blast-like pulses. The first pulses, corresponding to the CA0 and CA1 deposits, are interpreted 
as a simultaneous ejection of lithic ballistic blocks and a radial spreading of a lithic, dilute 
pyroclastic density current, affecting the entire central sector of the Island of Vulcano (Fossa 
Caldera), with a main direction of ballistic-ejection and PDC-spreading toward the SE (eastern flank 
of the Primordial Vulcano).
The second burst (CA2), probably composed by more than one pulse, produced a second, high-
directional, lithic, dilute PDC, that affected the southern sector of the Fossa cone.
Soon after the climatic phase, a small (day to week) period of quiescence occurred, long enough to 
produce some erosion and re-deposition of the deposited material (CA3).
The eruption continued with a new large explosion, that produced a radially-spread, lithic, dense 
PDC (CB).
After the emplacement of the dense PDC, a series of discrete of lithic ash explosions occurred, 
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producing some accretionary lapilli-rich layers (CB1), simultaneously with the deposition of three 
rhyolitc ash layers coming from the on-going Mt.Pilato-Rocche Rosse eruption. As the opening 
phase, these layers records the wet condition during the transport in the eruptive plume. At the 
same time the contemporaneous presence of reworking materials (CB2 and CB3) suggest the wet 
conditions do not only affect the ash plumes, but also the entire Vulcano environment.
The ash emission continued also after the CB1-forming phase, with a repetitive sequence of lithic 
ash explosions (CC). This phase may have been long for years or decades, with some explosion-
series very close to each other and ash-forming explosions separated by a time period years-to-
decades long.
The remobilization of the material (CC1) produced by the Commenda Eruption, continued after the 
end of the eruption, eroding the cone formed in the summit crater are (C2) and restoring the 
hydrographic network on the cone-flanks and in the surrounding valleys (Palizzi valley).
4.4.2 Physics of the PDCs
The study of the CA1 and CB deposits of the Commenda eruption has been conducted with the 
aim to elucidate the flow behaviours and to constrain the physical parameters of the currents. 
These two PDCs were produced during  a  steam-blast  eruption due to  the sudden uprising of 
magmatic gasses and covered an area of ~5 and ~0.5 km2, for CA1 and CB deposits, respectively. 
Based on the lithofacies variations and the values of inundated areas and emitted volumes, two 
end member of flow behaviour has been recognised: mainly turbulent PDC for CA1 and mainly  
dense, frictional-granular flow for CB.
The grain-size features of CA1 have been used to extrapolate the flow velocity in different areas of 
the Island of Vulcano and these values range between 23 and 186 ms-1.
A constrain on the mean flow velocity over its entire path (maximum extent of the deposits) is 
given by the presence of the ballistic clasts of the CA0 sub-unit. Using the Mastin (2001) calculator 
(see Chapter 4), the flight time of the measured ballistics have been evaluated, ranging between 
23 and 32 s for the most distal outcrops (1600-2200 m as the crow flies). Given the stratigraphic 
position of CA0 and CA1 deposits, this implies a maximum mean flow velocity in the order of 60-
120 ms-1, comparable with the speed of the December 26th 1997 “Boxing Day” PDC of the SHV 
(Woods et al 2002).
Using the obtained velocities,  a  range of  dynamic pressure produced by the CA1-forming PDC 
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Fig 4. 22. Simplified diagram showing the evolution of the Commenda eruption. The activity has been 
divided into 3 stages (pre-climactic, climactic and post-climactic), while the climactic stage has been also 
sub-divide into a blast-phase (CA0-CA1-CA2-forming) and a post-blast phase (CB-forming). Presence of 
stratigraphically recognizable rest phases have been marked here by the presence of reworked deposits 
(in blue). Occurrence of external tephra from Lipari have been also evidenced.
between 0.2 and 8.7 kPa has been calculated. According to Valentine (1998), low-concentration 
pyroclastic density currents travelling faster than about 100 ms -1, or high-concentration PDCs with 
velocities as low as ;10 ms-1 are capable of producing dynamic over-pressures of the order of 7 kPa 
(Valentine 1998). The maximum calculated value correspond to a Level 4 in the “Building damage 
scale for dynamic pressure impact of pyroclastic density currents” (Baxter et al 2005), producing a 
partial devastation in the impacted area. It is worth to note, that the maximum values are reached 
far over the base of the Fossa cone, as testified by the sample Tr3, coming from a section in the 
Vulcano Porto town.
4.4.3 Cone and crater formation
As proposed in Chapter 2, the recent activity was centered in the western sector of the Fossa cone, 
forming the C1, C2, C3 and C4 cones that rose the western zone of the summit crater area of about  
80 m (based on the DEM calculations, considering the base and the top of C1 and C2).
The products of the Commenda eruption are grouped in the Commenda Lithosome, because they 
are related to the built of the C2 cone. In particular, C2 is well preserved on the W and NW margin 
of  the summit area and it is  made by a sequence of  stratified ashy layers,  composed by very 
altered,  lithic  ash,  rich  in  plastic  deformation,  small-scale  erosion  channels  and  gravitational 
slumps.  In the Chapter 2, were also highlighted that the C2 structure is dissected by the more 
recent craters, Cr4, Cr5 and Cr6. 
The the stratigraphic position and the lithological features permitted to relate C2 to the CC-forming 
phase.
Given the nature of pyroclasts transport mechanisms (ballistic-ejection and PDCs) and based on 
the relationship between erupted volume and crater diameter, the CA-forming phase produced a 
~90m wide crater. The other phases (mainly CB-forming) contributed little to the crater widening 
(low volume) and probably contributed only to deep the formed crater and to eject the ash formed 
during the crater formation, “cleaning” the vent. This crater-forming behavior was discussed by 
Taddeucci  et al  (2010),  suggesting that the most intense phase of an eruption is generally the 
responsible of the excavation, while less-intense phases only have minor role in the shape of the 
crater.
The remnants of this crater are not visible nowadays, probably because they were covered by the 
subsequent eruptions.
Summarizing, the climatic phase of the Commenda eruption (CA) and its immediately following 
post-climatic stage (CB) were the responsible of the excavation of a crater at least ~90m m wide, 
while the subsequent waning phase (CC) were able to construct a tuff cone (C2) and to cover with 
several meters the summit crater area (up to 15 m on the eastern rim).
4,4,4 Trigger mechanisms
The simultaneity of the Commenda and the Mt.Pilato-Rocche Rosse eruptions suggests that some 
links between the to magmatic systems could be possible.
The last eruption of the Island of Lipari is thought to have been triggered by a mafic injection into a 
zoned latitic-rhyolitic magma chamber (Davì et al 2009).
Considering a same scenario for the Commenda eruption, and taking in account that gas volume 
emitted only during the climatic phase (CA0-CA1) was 2,8x106 m3, a volume of degassing mafic 
magma in the order 10-1 km3 was required, based on the volatile melt inclusion data of Clocchiatti 
et al (1994) and Gioncada et al (1998).
This  kind  of  contemporaneity  between  felsic  and  non-juvenile  eruptions  triggered  by  mafic 
injections  are  not  unusual,  as  reported  by  Nairn  et  al  (2005)  for  the  ~AD1315  simultaneous 
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Kaharoa-Tarawera (felsic) and Waiotapu (hydrothermal) eruptions in New Zealand.
4.4.5 Comparison with the previous studies on the Commenda eruption
The scenario proposed here for the Commenda eruption is completely different respect to the 
proposed by the other authors (Keller 1970, Frazzetta et al 1983, Dellino et al 1990, Capaccioni and 
Coniglio 1995, Gurioli and Sbrana 1999, De Astis et al 2006, Dellino et al 2006).
This work agree with the general division of the Commenda succession into two main part, a lower 
(CGA, CA and CB) corresponding to the “Breccia di Commenda Unit” of Frazzetta et al (1983) and 
Gurioli and Sbrana (1999) and an upper part (CC) corresponding to the Tufi Rossi of Keller (1970), 
and Varicolored Tuffs fo Frazzetta et al (1983), Dellino et al (1990) and Capaccioni and Coniglio 
(1995).
The detailed stratigraphy of the Breccia di Commenda unit were made by Gurioli and Sbrana 
(1999) and Dellino (2010).
The main stratigraphic difference with the Gurioli and Sbrana (1999) work deals about the number 
of events of the paroxysmal (climatic for this work) phase. These Authors interpreted as an unique 
deposits (from a PDC) the CA1-CA2-CB successions, because they did not recognized the different 
dispersal areas between CA1 and CA2 and the reworked deposit (CA3) between CA2 and CB.
The most recent work on the eruptions of the Fossa cone, made by Dellino et al (2010), suggested 
an inverted stratigraphy of the Commenda eruption, with an initial dense PDC (CB), followed by a 
ballistic-shower (CA0) capped by a thinly and wavy-laminated dilute PDC deposit (CA2). This 
reconstruction is completely conflicting with the data presented here.
Regarding the Varicolored Tuffs unit (CC), all the previous work agree with the interpretation of the 
formation by a series of “wet surges” (Frazzetta et al 1983, Dellino et al 1990, Capaccioni and 
Coniglio 1995, Dellino et al 2010), while the data presented here clearly support the interpretation 
of a series of fallout deposits inter-bedded with intra-eruptive reworked deposits. The features as 
slumps and wavy-lamination, are more coherent with gravitational remobilization than the 
incontrovertible evidences of deposition from dilute PDCs as previously interpreted (Frazzetta et al 
1983, Dellino et al 1990, Dellino et al 2010), especially compared with the features of observed 
similar eruptions (Heiken et al 1980, Komorowsky et al 2005).
Respecting the eruption styles and dynamics, the presence of only non-juvenile material in all the 
Commenda products, opposed with the interpretation of a series of explosions promoted by the 
interaction between a rising magma and external fluids (both phreatic or hydrothermal), while the 
recognised hydrothermal minerals (Capaccioni and Coniglio 1995, Gioncada et al 1995, Fulignati et 
al 1998) could be used to constrain the source of lithic materials, i.e. the maximum explosion 
depth (Fulignati et al 1998, Ohba and Kitade 2005).
4.4.6 Comparison with other steam-blast and magmatic-blast eruptions
Given the scale of the Commenda eruption and the impulsive behaviour of its climatic phase, a 
comparison were made not only with other large-scale steam-blast but also with some magmatic-
blast eruptions. The goal is the understanding of the similarities and the differences between this 
kind of high-intesity volcanic events.
Firstly were compared the sequence and then energy consumption of the eruptions.  The results 
were listed in Tab 4. 8.
Bogoyavlenskaya et al (1985) and Belusov et al (2007), studying the directed blast eruptions of the 
Mount St. Helens (USA), Bezymianny (Russia), Shiveluck (Russia) and Soufrière Hills (Monserrat) 
volcanoes evidenced that “each of the directed blasts occurred as one episode of a long and 
complex eruption, which consisted of several periods of volcanic activity involving different styles 
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Tab 4. 8. Comparison between the Commenda eruption and other magmatic- and steam-blast 
eruptions.
and magnitudes” (Belusov et al 2007). These Authors subdivided the eruptions into a pre-climactic 
stage (preparations and precursors for a directed blast), a climactic stage (triggering events, the 
directed blast itself, and immediate reactions of the volcanic system), and a post-climactic stage 
(long-term reactions of the volcanic system to the directed blast, Bogoyavlenskaya et al 1985).
The processes of the pre-climactic stages are important for potential forecasts of blast-eruptions 
probability. There are large differences between steam-blast and magmatic-blast events, mainly 
with the magmatic-blasts triggered by sector collapse (lateral blasts). Except for the AD1888 non-
juvenile eruption of the Mt. Bandai, all the other high-intensity explosions were preceded by a 
series of events. In particular, the steam-blast eruptions were generally anticipated by at least 1 
year of geochemical (increase fumaroles numbers and gas flux) and geophysical (seismic) 
phenomena.
Climactic stages of the eruptions consisted of a burst phase where the pressurized mixture is 
driven by initial kinetic energy and expands rapidly into the atmosphere, a collapse phase where 
the erupted material fails to mix with sufficient air to form a buoyant column and thus falls beyond 
the source as a fountain and a finally PDC phase where the material then moves parallel to the 
ground surface (Belusov et al 2007). The post-climactic stages in all the cases consisted of (long) 
periods of intermittent eruptions (growth of lava domes, strombolian bursts, ash emission).
The values of energy consumption of the Commenda eruption (evaluated by the CEM) is two order 
of magniture greater than the AD1895 Zao eruption, one order of magnitude lower than the 
AD1895 Adatara non-juvenile eruptions, while it is clearly lower by three or four orders of 
magnitude compared with the AD1888 large non-juvenile eruption of the Bandai Volcano and the 
Mount St.Helens blasts, respectively.
4.5 Conclusion
The sequence of the Commenda eruption was revisited with the aim of elucidating the succession 
of the events and to evaluate the energy consumption of the different eruptive phases.
The lack of juvenile materials within the pyroclastic deposits allowed to define this eruption as a 
steam-blast eruption. The eruption was divided in four main phases that produced different 
deposits and were separated by small time gaps, when reworking processes occurred.
The eruption started, simultaneously with the Mt.Pilato-Rocche Rosse eruption of the Island of 
Lipari, with two ash explosions, followed by the high-intensity climatic phase that produced 
ballistic-ejection and the spread of two dilute PDCs. After a small break, the eruption renewal with 
another PDC, denser the the firsts, and discrete ash explosions. The post-climactic stage of the 
eruption was characterized by a long lasting series of ash explosions.
The volume of gas required to produce the climatic phase required a volume of degassing mafic 
magma (Vulcano most primitive magma) in the order of 0,1 km3, coherent with the hypothesis of a 
coeval injections of undersatured, volatiles-rich magma in both the  Mt.Pilato (Lipari) and Fossa 
(Vulcano) magma chambers.
The eruptive sequence of the Commenda eruption was similar to the other steam-blast and 
magmatic-blast eruptions and the energy consumption was of the same order of magnitude of the 
AD1895 Adara explosion-series, but lower by two and three order of magnitude compared with 
the large non-juvenile AD1888 Bandai eruption and the AD1980 Mount St. Helens magmatic 
lateral-blast, respectively.
The estimate over-pressures produced by the climatic phase PDC (CA1-forming) could severely 
damage the present-day infrastructure of the Vulcano Porto town, posing a serious threat to, at 
least, the entire northern half of the Island of Vulcano.
Previous  studies  on  the  PDCs  associated  with  the  Commenda  eruptions  (Dellino  et  al  2010) 
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underestimated the actual destructive potential of these kind of PDCs, produced during an high-
intensity non-juvenile eruption.
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5. Tephrostratigraphy and magnitude of the recent (AD1444-AD1890) Vulcanian eruptions from 
the Fossa cone volcano (Island of Vulcano, Southern Italy)
5.1 Introduction
The last eruption of the Fossa cone (AD1888-1890) was the first eruption defined “vulcanian” by 
the scientific committee responsible for reporting the evolution of the eruption that started the 
AD1888 August 3rd and ended the AD1890 March 19th (Mercalli and Silvestri 1891, Mercalli 1907, 
De Fiore 1922).
In Chapter 2, it has been evidenced that the Fossa cone experienced in its recent activity (from the 
AD1440) many vulcanian-type eruption clustered in time, and their deposits were stratigraphically 
grouped in the Gran Cratere Eruptive Cluster (GCEC).
Vulcanian  eruptions  are  characterized  by  brief,  violent  explosions  and  consequently  the  most 
salient deposits from such eruptions are ballistic blocks and thinly-laminated ash -fallout deposits 
(Mercalli and Silvestri 1891, Mastin and Morrisey 2000, Bonadonna et al 2002). When masses of  
ejected blocks and ash fall to the ground with significant horizontal momentum, or land on steep 
slopes, they develop into moving pyroclastic density currents (Nairn and Self 1978, Mastin and 
Morrisey 2000, Druitt et al 2002, Yasui and Koiaguchi 2004).
During the recent years elegant models have been constructed for small scale to moderate sized 
eruptions at frequently active, composite cones as Ngauruhoe (New Zealand; Hobden et al 2002),  
Izu-Oshima (Japan; Sumner et al 1998),  Asama (Japan; Yasui and Koiaguchi 2004) , Tungurahua 
(Ecuador; Le Pennec et al 2008), Irazù (Costa Rica, Alvarado et al 2006), and many others.
The eruptive styles that dominate the behaviour of many of these volcanoes over their lifetimes of 
activity  generally  comprise  the  effusion  of  andesitic  block  lava  flows,  strombolian/violent 
strombolian/sub-plinian eruptions and phases  related to the ascent  of  viscous  plugs,  as  dome 
extrusion and collapse, vulcanian eruptions, ash emissions and phreatic explosions (Calvache and 
Williams 1992, Hobden et al 2002, Yasui and Koiaguchi 2004).
In  this  chapter the internal  stratigraphy of  each eruptions,  i.e.  the chronology of  the eruptive 
events, were studied in detail together with the main emplacement mechanisms of both primary  
and reworked materials.  In addition, the landscape evolution of the summit crater area of the 
Fossa  cone  in  response  to  the  vulcanian  eruptions  were  evidenced.  Finally,  the  relationship 
between erupted volume, duration of  the events and the mode of  transport-sedimentation of 
primary  deposits  were  related  to  the  sedimentary  signature  (erosion  and  reworking)  of  the 
environmental response to the eruptions.
The  facies  analysis  on  the  deposits  revealed  that  the  different  eruptions  experienced  slightly 
different eruptive behaviour and the main difference concerned the magnitude of the events and 
the  mechanisms  of  transport  and  sedimentation  of  the  erupted materials.  In  addition  to  the 
primary deposits, al lot of volcanoclastic deposits were found.
5.2 Previous studies on the “vulcanian series” of the Fossa cone
The products of the recent activity of the Fossa cone were grouped together by several Authors  
(Fossa III structural unit of Keller 1970, Pietre Cotte cycle of Frazzetta et al 1983, Cratere Attuale 
Formation of De Astis et al 2006, Cratere Attuale Succession of Dellino et al 2010). Within these 
units, several sub-units have been generally found (Tab 5. 1). 
Based on the reconstruction of Frazzetta et al (1983),  the Pietre Cotte cycle consist of two cycles 
separated by a lava that is only exposed in the gully between the Pietre Cotte lava flow and Forgia 
Vecchia crater. Because the relationship of this lava is uncertain due to lack of exposure, all the 
deposits between the Commenda and Pietre Cotte lavas are here interpreted as a single cycle. The
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Pietre Cotte cycle begins with a widespread wet-surge deposit from the Fossa cone, that mantles 
the whole  edifice  and reaches  the caldera wall  at  Pt.  Luccia  (SE)  and Mt.  Saraceno (S).  After  
deposition of a lapilli-and-block fall sequence, the small (80 m diameter) parasitic cone of Forgia 
Vecchia II formed at the northern rim of the Forgia Vecchia I crater, producing thin deposits of  
lahar, wet-surge beds, and ash-flow tuffs within the crater. Above the Forgia II deposits lie ash-fall  
tuff and lahars from the Fossa vent. The final event of this cycle is the extrusion of the Pietre Cotte  
lava flow in 1739. According to Frazzetta et al (1983) the deposits of the modern cycle that post-
date the Pietre Cotte lava mainly consist of lapilli-and-block fall beds, coarse-and-fine deposits, and 
minor dry-surge beds. The 1888-90 eruption began with a thin yellow phreatic breccia (Sheridan et  
al, 1981) that was followed by coarse-and-fine beds with minor surge horizons that are restricted  
to channels on the Fossa rim. Subsequent water reworking produced lahars on the flanks and base 
of the cone. The middle period of activity produced distinctive composite breadcrust bombs that 
occur within no other cycle of the Fossa edifice (Frazzetta et al 1983).
In their evolutionary reconstruction, Frazzetta et al  (1983) speculate that the parasitic cone of 
Forgia Vecchia I was probably formed before the onset of the modern cycle.
Dellino et al (2010), following the stratigraphic reconstruction of De Astis et al (2006), subdivide 
the Cratere Attuale Formation/Succession into three  units,  mainly on the base of the eruption 
chronicles. The lowermost unit is the complex unit of Pietre Cotte, that consists, at the base, of  
latitic ash layers associated to dilute pyroclastic density currents, both of the dry and wet type. A  
metric, vesiculated lapilli-and-bombs layer of fallout origin, of rhyolitic composition, follows. The 
Pietre Cotte rhyolitic lava flow, which was effused on AD1739 (De Fiore 1921, Keller 1980, Arrighi 
et al 2006, Piochi et al 2009), on the eastern sector of the cone, closes the unit. The post 1739 AD 
unit is made up of an alternance of finely laminated and lenticular massive ash layers, formed from 
dilute
pyroclastic density currents, and dense lapilli-and-blocks deposits of ballistic fallout. They formed 
by the intermittent explosive activity that occurred in the period AD1739–1888, as reported by the
eruption  chronicles  (Mercalli  and  Silvestri  1891).  The  AD1888–90  eruption  unit,  consists  of  a 
sequence of dense lapilli and blocks deposits, with minor intercalations of ash layers due to density  
currents (Dellino et al 2010). A layer of vesiculated lapilli-and-bombs of latitic composition is also 
present. Dense lapilli and blocks, with scattered bread-crust bombs, represent the products of the 
last events of the AD1888–90 eruption. They alternate with laminated coarse-and-fine ash layers. 
The breadcrust bombs, up to 2 m big in the pericrateric area, have a relatively large dispersal area,  
and crop out as far as Piano di Alighieri to the south, and as far as the Vulcanello isthmus to the 
north.
The bread-crusted bombs of the AD1888-90 eruption were interpreted as blocks of older rocks,  
reheated to a viscous state by the gas reaction during the flight through the air (Keller 1980), or as  
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Tab 5.  1.  Stratigraphic  reconstruction of  the investigated period proposed by the previous Authors (Keller  1980, 
Frazzetta et al 1983, De Astis et al 2006, Roverato 2008, Lorieri 2009)
juvenile bombs (Frazzetta et al 1983).
The  lati-trachitic  enclaves  of  the  rhyolitic  Pietre  Cotte  Lava  flow  were  intensely  studied  to  
understand  the  magma  chamber  processes  during  this  period.  Two  alternative  models  were 
proposed:  disruption of viscous fingering morphologies generated by the injection of the more 
mafic magma into the felsic one (Perugini et al 2007); the ascent of a rhyolitic magma , formed at 
shallow depth by AFC from a  crustal-xenolith-bearing mafic magma, and its injection in a lati-
trachitic plug that filled the conduit (Piochi et al 2009).
The stratigraphy and the eruptive behaviour of the series of vulcanian eruptions were recently 
reappraised (Tab 5. 1) by Bianchi (2008), Roverato (2008) and Lorieri (2009).
Following these Authors the sequence of the Cratere Attuale Formation (De Astis et al 2006) could 
be divided in four sub-units: Lower Pietre Cotte (Roverato 2008), Upper Pietre Cotte (Lorieri 2009),  
Eruzione Intermedia (Lorieri 2009) and AD1888-1890 (Bianchi 2007) eruptions. Following Roverato 
(2008), during the Lower Pietre Cotte eruption, the two explosions of the Forgia craters occurred. 
Lorieri (2009) evidenced that the Upper Pietre Cotte event can be divided into two sub-sequences,  
corresponding  to two different  phases  of  the activity.  The first  one was characterized  by two 
pumice fallouts. The latter phase is defined by an alternation of fine and coarse ash deposits; from 
the  base  to  the  top  of  the  sub‐sequence,  it  records  a  decrease  of  juvenile  (both  dense  and 
vescicular)  and the progressive increase of  lithics  (>50% wt).  Following the Upper Pietre Cotte 
eruption, the Eruzione Intermedia occurred and the related deposits are defined by an alternation 
of fine and coarse fallout ash deposits, very similar to the final phase of the Upper Pietre Cotte  
eruption.  The pyroclastic fall deposits of AD1888-1890 are stratified and are separated from the 
more  ancient  deposits  by  an  erosive  and  /or  reworked  unconformity  (Bianchi  2008).  The 
succession consists of parallel layers of lapilli and ash and is topped by a layer of scattered bombs  
and blocks (Bianchi 2008).
In their works, Bianchi (2008) and Lorieri (2009) analysed the pyroclastic succession of the last 
eruptions,  providing  lot  information  on  the  clast  density,  morphology,  texture  and  chemical 
composition of the upper-most part of the GCEC deposits, allowing a good tephrostratigraphical 
reconstruction of the Gran Cratere Eruptive Cluster (Fig 5. 23 of Chapter 2)
Frazzetta et al (1983) and Dellino et al (2010) interpreted the thinly-laminated ash deposits and the 
coarse-grained pumices  and obsidian  deposits  as  related to  PDCs  related to  phreatomagmatic 
explosions  and fallout  (mainly  ballistic),  whereas Bianchi  (2008)  and Lorieri  (2009)  interpreted 
these layers as fallout deposits from Vulcanian eruptive columns. 
5.2.1 General stratigraphy of the Gran Cratere Eruptive Cluster
The Gran Crater Eruptive Cluster (GCEC) is separated from the previous unit (Palizzi-Commenda 
Eruptive  Cluster,  PCEC)  by  second  order  unconfoS2  ).  This  unconformity  is  a  well  developed 
unconformity, especially in the summit crater area, while on the cone flanks it correspond to a well  
defined net of gullies on the previous deposits laterally passing to an pinkish-brown hard-ground. 
In the plains surrounding the cone and on the Fossa Caldera walls, S2 is a planar or low-amplitude 
erosional  or  non-depositional  surface.  On  the  Vulcanello  peninsula,  it  correspond  to  a  well 
developed erosional  surface or to a dark-brown paleosoil  (Fusillo 2008; Fusillo et  al  2010; see 
Chapter 2).
During the GCEC the C3 and C4 cones and Cr4, Cr5 and Cr6 craters formed in the summit crater 
area, while the two Forgia cones/craters formed on the northern flank of the Fossa cone.
As reported in Chapter 2, this stratigraphic unit comprises 9 eruptive units and within each unit 
several unconformities are recognised (Tab 5. 4 and 5 of Chapter 2).
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5.3 Data collection and results
5.3.1 Analysis of the historical chronicles: the AD1444-AD1890 eruptions series
The  complete  catalogue of  the post-middle  age eruptions  were collected (Tab  5.  2)  using  the 
reconstruction of the historical eruptions of the Island of Vulcano made by Mercalli and Silvestri  
(1891)  and  De  Fiore  (1922).  In  their  works,  these  Authors  collected  a  series  of  past  and 
contemporaneous manuscripts and debating on the actuality and accuracy of the informations. 
The more recent eruptions were obviously well described and in particular, the AD1878, AD1879,  
AD1886 and the AD1888-1890 eruptions were accurately reposted directly by one of the Authors 
(Mercalli, in Mercalli and Silvestri 1891).
To summarize these two “pioneering” works, four main information were extrapolated: presumed 
date of  the onset  of  the eruptions,  duration of  thof  the events)  and finally  the “type” of  the 
eruption. Except the perfectly described last eruption, defined “vulcanian” Mercalli and Silvestri 
(1981) because its style was different by the “strombolian” and the “vesuvian” (Plinian) types, all 
the  other  eruptions  has  been  classified  here  on  the  basis  of  their  repetitive  behaviour  in  
“Impulsive”, when the historical accounts reported only a single explosion, or “Repetitive pulses”, 
when in the chronicles more than one explosion were reported.
After  the late Middle Age period,  characterized by frequent and violent eruptions of  “glowing 
materials that fell  into the sea, forming fire-columns” and also by periods of intense fumarolic 
activity (De Fiore 1922, Chapter 3), a new stage of activity started the AD1444 February 5 th with a 
“short, violent explosive eruption...with ejection of hot blocks very far from the crater” (De Fiore 
1922). Overall the volcanic events that occurred on the Island of Vulcano reported in the accounts  
are  twenty-five.  Five  of  these  eruptions  have  not  been  “allocated”  to  an  exact  vent  (Fossa,  
Vulcanello or Forgia 1), while the remaining twenty have been certainly produced by the Fossa 
cone.
5.3.2 Historical description of the AD 1888-1890 eruption
The last eruption of the Island of Vulcano has ben defined as Vulcanian by Mercalli and Silvestri  
(1891) because “ […] it is not comparable to other styles of activities identified on volcanoes. […] it 
not reached in any period the intensity of the Plinian stage, while it reached its majesty at the 
beginning  and  this  together  with  the  strength  of  his  projections  make  it  greater  than  the 
Strombolian-type[...]” (Mercalli  and Silvestri 1891). The main features reported by the scientific 
committee of the AD1888-1890 eruption could be summarized as follows: 1) the ~2 years-lasting 
eruption has been preceded by a long-lasting “preparatory” activity, with intense fumarolic activity 
and  sporadic  explosive  episodes  (from  the  AD1812  to  the  AD1886);  2)  the  behaviour  of  this 
eruption could be represented by a series of intermittent discrete explosions, with rest intervals  
with varying duration, depending on the eruptive intensity (Fig 5. 1); 3) no lava has been emitted 
during the eruptions; 4) the explosions are produced by (big or little) mass of gas that produced 
“very strong” and “strong” explosions ejecting dense clouds of vapour, ash and lapilli with a minor 
ammount of big ejecta, or “weak” and “very weak” that ejected vapours and ash or only vapour, 
respectively; 5) during the “very strong” and “strong” explosions, only the first blast is the more  
violent and it is the only one that could eject coarse material, then it is followed by less intense 
clusters  of  bursts  that  expel  only  vapour  with  minor  or  no  ash;  6)  the  major  explosions  are 
separated by long periods of no or weak intensity, while the more regular and repetitive bursts are  
generally less violent.
Mercalli and Silvestri (1891) described the features of the ejected material during the AD1888-90 
eruption and they also classified the ejecta on the basis of their “physical” (size) and “physical-
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chemical-petrographic” (composition and nature, i.e. juvenile vs non-juvenile) features. Two main 
“size” classes have been identified: 1) “blocks and bombs” that followed ballistic trajectories from 
the  vent;  2)  “sands  and  ashes”  that  have  been deposited  from the  eruptive  clouds  as  “rain”  
(Mercalli and Silvestri 1891). On the other side, they identified non-juvenile materials (blocks made 
of older lava and pale-grey ashes) and juvenile ejecta (black obsidian blocks, bread-crusted bombs, 
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Tab 5. 2. Summary of the historical chronicles reported by Mercalli and Silvestri (1891) and De Fiore (1922)
pumices and dark grey ashes; Mercalli and Silvestri 1891). The firsts explosions (August 3 rd-4th-5th) 
expelled  only  non-juvenile  material,  while  the  following  explosions  ejected  mainly  magmatic 
material (Mercalli and Silvestri 1891). 
The  coarser-grained  juvenile  material  has  been 
also sub-divided in four classes: 
1)  irregular-shaped  ejecta  (“”projetti  informi”), 
dark-grey to black, lithoid in appearance, massive, 
more  or  less  vesicular,  with  transitional  zone 
between  low-to  high  vesicularity.  This  kind  of 
coarse-grained clasts were mainly ejected during 
the explosions  occurred  at  the of  August  1888, 
September 1888, February and March 1889 and 
at the end of the eruption (February and March 
1890)
2)  light  bombs  (“bombe  leggere”).  Pomiceous 
(high-vesicular)  bombs  with  (less  than  2-3  cm) 
thin  bread-crust.  Mercalli  and  Silvestri  (1891) 
described the external crust as: “glassy crust, with 
variable thickness, darker than the colour of the 
pomiceous  interior,  cracked  in  a  thousand  of 
ways, waking up the idea of what happens in the 
bread-crust, when it is subjected to fermentation 
and  cooking”.  These  bombs  were  abundant 
during moderate explosions, in particular  at the 
half of the eruption.
3) heavy bombs (“bombe pesanti”), are similar to 
the light bombs with thicker (>3 cm), dark-grey to 
black, external crust. These bombs characterised 
the  coarse-grained  material  ejected  during  the 
most intense explosions, as the March 20th 1889 
explosion.
4) blocky-shaped obsidian blocks (“massi angolosi 
di  rocce  subvitree”).  Black  to  dark-grey  obsidian,  resembling  the  external  crust  of  the  heavy 
bombs. As the heavy bombs, they characterised the coarse-grained material ejected during the 
most  intense  explosions  (as  the  February  24th,  25th,26th,  March  and  26th December  1889 
explosions).
5.3.3 Stratigraphy and features of the deposits
Here the internal stratigraphy of the deposits produced during the Gran Cratere Eruptive Cluster 
were presented,  based on data from  about  170 stratigraphic  sections  in natural  outcrops  and 
trenches.
Vertical boundary between two sub-unit, signing the transition from one eruptive phase (or pulse) 
to  one  other,  are  marked  by  low-order  unconformities,  represented  by  erosional  surfaces, 
corresponding to the time gap between each phase (or pulse) long enough to produce erosion to 
the underling deposit or to sediment the tephra bed from an eruptive columns.
Vertical variation between each sub-unit and insight each sub-unit were analysed to obtain the 
fluctuation  of  the  eruptive  styles  with  time,  while  the  lateral  transition  between  different 
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Fig  5.  1.  Reconstruction  of  the  AD1888-90 made  by 
Bianchi (2008) based on the chronicles of Mercalli and 
Silvestri (1891). The colours of the squares represent 
the frequency of the explosions: white=no explosions; 
yellow=very  low  frequency;  green=low  frequency; 
orange=high  frequency;  red=very  high  frequency.  As 
observed by Mercalli and Silvestri (1891), longer rest 
intervals  (low  frequency)  generally  anticipated  the 
more intense explosive events.
lithofacies were studied to highlight the transport-sedimentation mechanisms of the products and 
to discriminate the primary and the volcanoclastic deposits.
The stratigraphic information were summarized in two data-set, based on the their geographical 
provenance: the summit crater area (Fig 5. 2) and the other zones of the volcano (the cone-flanks 
and the ring plain). In each dataset, informal units were identified and then summarized to obtain 
the formal complete stratigraphy of the GCEC.
This  method  of  cataloguing,  in  addition  to 
providing a complete stratigraphic reconstruction, 
is useful to interpret the variations of lithofacies 
from  proximal  to  distal  sections,  i.e.  to 
understand  the  transport  and  sedimentation 
mechanisms, but it is also crucial to constrain the 
changes in the Fossa cone morphology during and 
after the main eruptive events.
The stratigraphy of the GCEC in the summit crater 
area could be extrapolated by the analysis of the 
pyroclastic succession outcropping in the wall of 
the  present-day  active  crater  (Cr6),  where  it  is 
possible to observe the overlapping of the C2, C3 
and C4 cones.
The  stratigraphic  architecture  of  the  GCEC  on  the  cone-flanks  could  be  extrapolated  by  the 
interpolation of the stratigraphic sections in the different sectors (NE, NW, S, SE) of the flanks of  
the  volcano,  while  the  stratigraphy  of  the  GCEC  on  the  plain  has  been  extrapolated  by  the 
interpolation of the stratigraphic sections in the Palizzi valley and in the Vulcano Porto plain.
The stratigraphic framework of each area has been extrapolated, then a complete stratigraphy 
were reconstructed (Tab 5. 3) and nine eruptive units, corresponding to nine discrete eruptions, 
were identified.
The key to understanding these variations is reported in Tab 5. 2 and it is compiled starting from 
the facies interpretation made by different authors (Bonadanna et al 2002, Cole et al 2002, Lube et  
al 2007, Graettinger et al 2010).
The grain-size distribution and the contents of different components of some layers have been 
analysed to better characterised the deposit-orming eruptive phase. The grain-size data have been 
carried out on 1-2 kg samples in 0.5 phi interval (between -5 and 5 phi) at the Department of Earth  
Science of the University of Pisa.
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Fig 5. 2. Simplified sketch of the present-day western 
crater  rim  (s49,  Appendix  1d).  Blue  lines  separate 
different  eruptive  units,  while  black  lines  are  in 
between different eruptive phases or pulses.
Tab 5. 3. Summary of the reconstruction of the Fossa cone activity during the AD1444-AD1890 based on the field  
work and the comparison with the historical accounts
Grain-size analysis has been performed on 17 samples of the AD1888-90 VE sub-unit, 3 samples of 
UPCa1 (from the same locality), 1 sample of UPCa4 and 1 sample of the UPCa5.
The samples are representative of the entire of the deposits (bulk-sampling) and they must be 
considered as the cumulative products of the entire eruptions.
Quantitative morphological investigation have been carried out to the Forgia craters and the Pietre 
Cotte lava. 
The analysis of the Forgia cones/craters has been performed with the aim to measure the crater
diameters, crater depths and erupted volumes (to joint with the stratigraphic data) and to
constrain the eruptive energy consumed during the two eruptions (Sato and Taniguchi 1997,
Taddeucci et al 2010, see also Chapter 4).
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Tab 5. 4. Lithofacies codes and descriptions. Interpretation are also included, based on the work of  Bonadanna et al 
(2002), Cole et al (2002), Lube et al (2007), Graettinger et al 2010 (2010)
The main morphological parameters of the Pietre Cotte lava that could be used to constrain the 
rheological properties of lava flows are the flow wide and the flow hight (Pyle and Elliot 2006).
These approaches allowed to constrain the define the transport-sedimentation mechanisms that 
produced the deposits of the Gran Cratere Eruptive Cluster, reported in Tab 5. 3.
The age of the eruptions have been attributed by means the comparison between the historical 
accounts and the stratigraphic and lithological features of the deposits.
Eruptive units
Forgia 1 (F1, AD1444 February 5th)
It is a massive (lower part) to parallel-bedded (upper part), matrix supported, chaotic blocks and 
ash deposit, constituted only by no juvenile material composed by altered or very altered lava 
lithics and lithic white ash matrix (more than 10 m thick). It constituted the entire Forgia 1 flanks,  
giving the white aspect to this eccentric cone (Fig 5. 3a). In one more distal section (S14) it cover 
the  underlying  deposits  (Commenda  Eruptive  Unit)  with  a  constant  thickness  (30  cm  thick), 
appearing massive and composed only by white ash and ash-aggregates, without coarser clasts (Fig 
5. 3b).
The massive deposit of the Forgia 1 cone have been interpreted as deposited by a pyroclastic 
density current produced by an eccentric explosion of steam (magmatic gases or hydrothermal 
vapours, as also proposed by Frazzetta et al 1983). The laminated upper part of the deposit has 
been attributed to a series of small bursts that followed the first, producing a laminated ash-fallout 
sequence on the top of the PDC deposit.
The CrF1 crater is 130 m wide, based on DEM measuraments. These values have been used to  
constrain  the energy consumption during the eruptions,  using the relationship between crater 
diameter, eruptive volume and crater-forming energy (Sato and Taniguchi 1997, Taddeucci et al 
2010; Chapeter 4 for the explanations). The calculated value for the AD1444 eruption that formed 
the Forgia 1 (1.25x1013 kJ)  eccentric cone is one order of magnitude greater than the climatic 
phase  of  the  Commenda  eruption  (3.7x1013 kJ),  in  good  agreement  with  the  “high-intensity 
explosions” reported in the historical chronicles (De Fiore 1992).
Given the stratigraphic position above CEU and the mainly impulsive behaviour of the Forgia 1  
explosion, it has been correlated to the AD1444 February 5th.
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Fig 5. 3. a) Forgia cones; b) outcrop of the F1 products out of the cone (s14, Appendix 1a). From the massive  
appearance of the deposits it has been correlated with the lower, massive part of the cone-forming deposit  
(s9, s10 and s11, Appendix 1a).
Lower Pietre Cotte a1 (LPCa1, ~AD1550)
It is a parallel-bedded, sequence of fine and coarse ash, with change in bed-colour from red, grey,  
brown and black. Each ash-bed is massive to normal graded. 
 
The reddish layers has been constituted only by altered ash or ash-aggregates, while the other  
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Fig 
5. 4. LPCa1 deposits, showing the upward increase in juvenile components testified by the dark-
brown colour of the upper layers . a) northern cone-flank (s91, Appendix 1b); b) south-eastern rim 
of  the summit  crater  area  (s69,  Appendix  1  Map);  c)  southern cone-flank  (s45,  Appendix  1e);  
showing highly eroded LPCa1 within a radial gully.
layers are composed by a mixture of altered and fresh ash (Fig 5. 4). The black-beds are coarser  
and are clearly constituted by black scariae and obsidian clasts, with blocky to spongy outlines 
under lenses observation.
In  one  outcrop,  some ballistic  clasts  (altered  grey-reddish  scoriae  and  tufaceous  blocks)  were 
intercalated to the ash-sequence (Fig 5. 5).
The lithological and geometrical features of LPCa1 deposits allowed to interpret this sub-unit as 
the products of tephra fallouts from repetitive explosive pulses from the Fossa cone.
Given  the  stratigraphic  position  and  the  “repetitive”  behaviour  of  the  Lower  Pietre  Cotte  a1 
eruption, it has been correlated to the ~AD1550 eruption identified by and De Fiore (1922).
Lower Pietre Cotte a2 (LPCa2, AD1626)
In the section exposed in the present-day crater 
rim, it is a repetitive sequences of decimetric to 
metric layers of coarse and fine lapilli, constituted 
by black to grey scoria and obsidian clasts, with 
lot of rounded and spatter-like bombs.
Outside the summit crater area (Fig 5. 6), it is a 
parallel-bedded,  sequence  of  lapilli  and  coarse 
ash or coarse ash and fine ash ayers, depending 
on  the  geographical  position  respect  to  the 
summit crater  area (medial  to distal).  Each ash-
bed  is  massive  to  normal  graded  and  it  is 
constituted  by  dense  obsidian  and  moderately 
vesicular  pumices,  with  blocky  to  spongy 
outlines , respectively. The beds also contain grey 
and reddish lava lithics.
The lithological and geometrical features of LPCa2 
deposits allowed to interpret this sub-unit as the 
products  of  tephra  fallouts  from  repetitive 
explosive pulses from the Fossa cone.
Given  the  stratigraphic  position  and  the  “repetitive”  behaviour  of  the  Lower  Pietre  Cotte  a2 
eruption, it has been correlated to the two weeks-long AD1627 eruption described by Agatio di  
Somma and reported by Mercalli and Silvestri (1891) and De Fiore (1922).
LPCa3
They are massive to wavy-bedded, chaotic, sand and pebble deposits (Fig 5. 6). The matrix range 
from fine to coarse sand composed by black-spongy scoriae and black-blocky obsidian , while the 
coarser fraction range from pebbles to cobbles and are made by black obsidian blocks, grey lava 
lithics.
The deposits of the LPCa3 sub-unit are gcally and texturally constrained by the cone morphology. 
In fact it is deposited from middle zones of the cone-flanks and the thickness increases toward the 
base  of  the cone,  as  well  as  the abundance  of  coarser  clasts.  In  the ring  plain  the  thickness 
decreases, and the deposits become finer and more organized (wavy-lamination). These deposits 
have been interpreted as the products of post-eruptive lahars. 
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Fig 5. 5. Trench at the base of the Forgia cones (s15, 
Appendix 1a). LPCa1 is composed only by dark-brown 
layers, suggesting the absence of the lower part of the 
unit, probably due to different dispersal axis during 
the initial and final eruptive phases. F2 deposit (red 
coloured layer) is completely massive and chaotic, 
indicating that has been deposited by a poorly-
organized gravity current (PDC) during a single event.
Forgia 2
It is a massive (lower part) to parallel-bedded (upper part), matrix supported, chaotic blocks and 
ash deposit (Fig 5. 5), constituted only by no juvenile material composed by altered lava lithics and 
lithic reddish ash matrix (more than 5 m thick).
It constituted the flanks of the Forgia 2 cone, giving the reddish appearancis eccentric cone.
The upper  layers are  inter-bedded with the firsts  layers  of  the Lower Pietre  Cotte b1 unit,  as 
observed in the walls of the Forgia 2 crater and in one more distal section (S48).
The CrF2 crater is 110 m wide, based on DEM investigations. The calculated value for the AD1727 
eruption that formed the Forgia 2 (7.49x1012 kJ) eccentric cone is one order of magnitude smaller 
than the Forgia 1-forming eruption (1.25x1013 kJ) and it is of the same order of magnitude of the  
climatic phase of the Commenda eruption (3.7x1013 kJ).
Given the coeval deposition of the Forgia 2 explosions and the Lower Pietre Cotte eruption, it has 
been correlated  to  the  AD1727 eruption,  described by  D'Orville  and reported  in  Mercalli  and 
Silvestri (1891) and De Fiore (1922).
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Fig 5. 6. Sequence of primary and reworked material in the Palizzi valley (Appendix 1c). Thickness of reworked 
deposit  increases down-slope,  giving a large-scale splay-and-fade geometry.  Different textural  features has 
been recognised, suggesting different flow behaviour of each lahar event a) s18; b) detail on the basal portion  
of s18; c) s19, situated on the opposite side of Palizzi valley, showing evidence of marked thickness decrease of  
reworked deposits.
Lower Pietre Cotte b (LPCb1, AD1727)
LPCb1
As LPCa2, in the section exposed in the present-day crater rim, it  is  a repetitive sequences of  
decimetric  to  metric  layers  of  coarse  and  fine  lapilli,  constituted  by  black  to  grey  scoria  and 
obsidian clasts, with lot of rounded and spatter-like bombs.
Outside the summit crater area (Fig 5. 5 and 6), it is a parallel-bedded, sequence of lapilli and 
coarse ash or coarse ash and fine ash layers, depending on the geographical position respect to the 
summit  crater  area  (medial  to  distal).  Each  ash-bed  is  massive  to  normal  graded  and  it  is 
constituted by dense obsidian and moderately vesicular pumices, with block to spongy outlines , 
respectively. The beds also contain grey and reddish lava lithics.
The basal layers are inter-bedded with the upper-most layers of the forgia 2 unit, as observed in  
the walls of the Forgia 2 crater and in one more distal section (S48).
The lithological and geometrical features of LPCb1 deposits allowed to interpret this sub-unit as 
the products of tephra fallouts from repetitive explosive pulses from the Fossa cone.
Given the  coeval  deposition  of  the  Lower  Pietre  Cotte  unit  and the  deposits  of  the  Forgia  2 
eruption, it has been correlated to the AD1727 eruption, described by D'Orville and reported in 
Mercalli and Silvestri (1891) and De Fiore (1922).
LPCb2
They are massive to wavy-bedded, chaotic, sande deposits (Fig 5. 6). The matrix range from fine to 
coarse  sand  composed by  black-spongy  scoriae  and  black-blocky  obsidian  ,  while  the  coarser 
fraction range from pebbles to cobbles and are made by black obsidian blocks, grey lava lithics.
The deposits of the LPCb3 sub-unit are geometrically and texturally constrained by the cone 
morphology.  In  fact  it  is  deposited  from  middle  zones  of  the  cone-flanks  and  the  thickness 
increases toward the base of the cone, as well as the abundance of coarser clasts. In the ring plain  
the thickness decreases, and the deposits become finer and more organized (wavy-lamination).
These deposits have been interpreted as the products of post-eruptive lahars. The massive, matrix 
supported deposits have been related to debris flows, while the more laminated and finer-grained 
deposits have been interpreted as the results of hyper-concentrated or stream-flows.
Upper Pietre Cotte a (AD1731-1739)
The Upper Pietre Cotte a unit comprises nine sub-units (UPCa1 and UPCa9), separated by low-
order unconformities (Fig 5. 7 and 8, Fig 5. 20 of Chapter 2) and by changes in features of the 
deposits  (structures,  texture  and  componentry).  The  contact  between  the  two  first  sub-units 
(UPCa1  and  a2)  is  not  visible  and  the  correlation  has  been  made  on  the  basis  of  the 
tephrostratigraphic position.
UPCa1 and UPCa2
It is a parallel-bedded, reverse to normal graded, coarse ash to lapilli deposit, composed by high 
stretched, gold pumices and spongy, black scoriae. It also contain rare grey lava lithics. Some beds 
are constituted only by the high stretched, gold pumices, given a “strawy” appearance to the beds.
The maximum thickness has been observed in one outcrop in the lower-most half of the cone, in  
the northern sector (s90,  Fig  5.  7a).  In this  section the sub-unit  is  constituted by 3  layers:  1) 
parallel-bedded,  normal  graded,  fine-lapilli  to  ash  layer  (18  cm  thick),  composed  by  golden 
pumices (80% from field observation) and obsidian clasts (20% from field observation); 2) massive, 
reverse-to-normal  graded,  lapilli  to  ash  layer  (thickness  5  cm),  composed  by  mainly  golden 
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pumices (95% from field observation) and scarce obsidian (5% from field observation); 3) parallel-
bedded, coarse-ash to fine-lapilli layer (16 cm thick), composed by obsidian clasts (60% from field 
observation) and golden pumices (40% from field observation).
UPCa2 is a black,  foliated to massive 
to brecciated, porphiric (kfs) obsidian 
lava,  with  white  and  grey  enclaves. 
This  unit  correspond  to  the  Pietre 
Cotte lava (Frazzetta et al 1983), dated 
by Arrighi et al (2006) to 1720±30 AD.
Pyle  and  Elliot  (2006)  proposed  a 
method  to  estimate  the  lava  flow 
behaviour  from  a  detailed 
morphometric  analysis  of  lavas.  The 
assumption  is  that  viscous  lavas 
behave as Bingham fluids, with a yield 
strength  that  must  be  exceeded 
before  flow  can  occur.  Assuming  a 
Bingham rheology, the widths of flows 
and the dimensions of their levées to 
estimate the apparent yield
strength  of  the  fluid  (Hulme  1974; 
Hulme and Fielder 1977; Pyle and Elliot 2006). For a flow of bulk density  ρ  and depth  h flowing 
down a slope of angle α, the yield strength Y is
Y=hgρsin α   (1)
while for a whole lava flow width of W
Y= ρgh2/W  (2)
Dimensions  of  flow parameters  were  determined by  taking  transverse  and  longitudinal  (flow-
parallel,  Fig  5.  8)  sections  across  the  Pietre  Cotte  lava  flow.  Pyle  and  Elliot  pointed  out  that 
significant  errors  could result  from the subjectivity  of  identifying  levée margins.  To  avoid  this 
problem, the margin of each part of the flow is obtained integrating the topographic profiles with 
the slope, slope of slope, profile and planar curvature. The results are summarized in Tab 5. 5 and 
values of yield strength in the range of 20-40 kPa are obtained, in good agreement with the silicic 
composition of the Pietre Cotte lava flow.
This sub-units represent the product of a complex eruption occurred at beginning of the period 
AD1731-39, during which the Fossa cone experienced the transition from the effusion of a viscous 
lava flow (UPCa2) accompanied by weak explosivity (UPCa1). The UPCa1-UPCa2 were interpreted 
as the products of effusive activity (UPCa2-Pietre Cotte lava) and the associated tephra emission 
from the summit crater area of the Fossa cone (UPCa1). Based on this interpretation, the two sub-
units are considered to be contemporary and not overlapping stratigraphically.
UPCa3
They are massive to wavy-bedded, chaotic, sand and pebble deposits. The matrix range from fine 
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Fig 5. 7. Correlation of UPCa1 tephra layers with the Pietre Cotte lava 
(UPCa2) based on its stratigraphic position and geochemical affinity 
with the latitic enclaves (XRF bulk rock for UPCa2 sample). Data for 
the Pietre Cotte lava have been taken from Piochi et al (2009)
to 
coarse  sand  composed by  black-spongy  scoriae  and  black-blocky  obsidian  ,  while  the  coarser 
fraction range from pebbles to cobbles and are made by black obsidian blocks, grey lava lithics.
The  deposits  of  the  UPCa3  sub-unit  are  geometrically  and  texturally  constrained by  the  cone 
morphology.  In  fact  it  is  deposited  from  middle  zones  of  the  cone-flanks  and  the  thickness 
increases toward the base of the cone, as well as the abundance of coarser clasts. In the ring plain  
the thickness decreases, and the deposits become finer and more organized (wavy-lamination).
UPCa4 and UPCa5
The first (UPCa4) is a thinly laminated, well-sorted, grey, fine ash deposit (20 cm thick on the crater 
wall  and 10 cm thick in the Palizzi  valley) while the second (UPCa5) is a massive, well-sorted,  
reddish, ash deposit (15 cm thick on the crater wall and 10 cm thick in the Palizzi valley, Fig 5. 6a  
and 9a).
Samples from UPCa4 (s26o) and UPCa5 (s26q) are very fine-grained and well sorted, with Mdϕ at 
3.28ϕ and 3.32 and σϕ 1.29 and 1.38 at for s26o and s26q, respectively. 
These sub-units have been interpreted as the products of two steam-blast (phreatic or magmatic-
hydrothermal) explosions.
The fine ash content of these to deposits are related to both the eruptive (comminution of wall-
rocks and/or magmas by sudden steam expansion) and dispersal mechanisms (low-high plumes 
with rapid fallout of coarser clasts).
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Fig 5. 8. Quantitative morphological investigation of the Pietre Cotte lava.  a)  profile tracks; b) longitudinal  
profile, integrating the different analysis the flow front anth the surface bulking are evident; c) example of  
transversal profile, used to constrain the flow width and height
UPCa6
They are massive to wavy-bedded, chaotic, sand and pebble deposits. The matrix range from fine 
to coarse sand composed by black-spongy scoriae and black-blocky obsidian, while the coarser 
fraction range from pebbles to cobbles and are made by black obsidian blocks.
The  deposits  of  the  UPCa6  sub-unit  are  geometrically  and  texturally  constrained by  the  cone 
morphology.  In  fact  it  is  deposited  from  middle  zones  of  the  cone-flanks  and  the  thickness 
increases toward the base of the cone, as well as the abundance of coarser clasts. In the ring plain  
the thickness decreases, and the deposits become finer and more organized (wavy-lamination).
These deposits have been interpreted as the products of intra-eruptive lahars. The massive, matrix 
supported deposits have been related to debris flows, while the more laminated and finer-grained 
deposits have been interpreted as the results of hyper-concentrated or stream-flows.
UPCa7
In the wall of the crater (Fig 5. 2, Fig 5. 9), it is a massive, well-sorted, pumices to bombs and blocks 
deposit. The lowermost part (1 m thick) it is constituted mainly by black obsidian lapilli clasts, with 
minor grey and reddish, altered, lava lithics, ranging from lapilli-size to blocks (7-10 cm diameter). 
This part of the deposit is surmounted by a fine-lapilli layer (2,5 cm thick), constituted by pale grey  
pumices, black obsidian clasts and grey to reddish lava lithics. The upper-most part is a reverse 
graded, less sorted, lapilli to bombs and blocks layer (90 cm thick). It is constituted mainly by grey,  
micro-vesiculate, pumices, with px phenocrystals and black enclaves; black obsidian clasts radial 
jointing, sometimes with white flow-banding; grey and reddish lava lithics.
This layer is surmounted by a massive, chaotic, lapilli tuff, with the ash matrix constituted by white 
pumices and black obsidian clasts. The coarser fraction is constituted by black obsidian clasts radial 
jointing, moderately vesiculated, white pumices, containing black enclaves and px phenocrystals.
The succession continues with a lapilli to bombs deposits, reverse to normal graded in the lower 35 
cm, massive in the upper 40 cm. The clasts are mainly white pumices, mixed pomiceous-obsdian 
clasts, thinly bread-crusted bombs. 
Outside the summit crater area it is a reverse to normal graded, laminated deposit (Fig 5. 11). The  
clast-size range from fine ash to coarse lapilli. The coarser fraction is constituted by grey, moderate 
vesicual pumices, while the finer fraction is composed by grey ash.
Deposits from UPCa7 sub-units, related to the AD1731-39 eruption, have been sampled in three 
locations on the cone-flanks (s26, s65, s67). These sections are located in three distinct areas of  
the volcano.  In  particular,  sections  s125 has  been chosen as  an example of  deposits  in zones 
located near (s65) or far (s26 and s67) from the main dispersal axis. Samples Pcott-1 (section s65)  
and  s67b  (section  s67)  show  similar  polimodality  of  AD1888-90  VE  deposits  (see  later),  with 
coarser  median  diameter  for  the  former  (-0.29ϕ)  and  finer  for  the  latter  (1.14ϕ).  Otherwise, 
sample sF-1 (section s26) shows a marked unique fine-mode, with a very fine median diameter 
(3.1ϕ). All these three samples are however  well sorted, with σϕ between 1.33 and 2.33. 
The lithological, geometrical and grain-size features of UPCa7 deposits allowed to interpret this 
sub-unit as the products of tephra fallouts from, at least, one explosive pulses from the Fossa cone.
UPCa8
On the crater-wall (Fig 5. 9), it is a a layer (30 cm thick) constituted by different laminae, with a  
general  reverse-to-normal  grading,  showing the transition from a lapilli  tuff  basal  part  (20 cm 
thick),  to a lapilli  medial zone (3 cm) and finally to a breccia tuff upper part (7 cm thick).  The  
laminae show irregular lateral thickness, giving to the deposits the appearance to be constituted 
by several lenses. The ash fraction is red, while the coarser fraction is composed by grey to reddish 
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lava lithics, black obsidian clasts with radial jointing, grey pumices. 
On the cone-flanks and in the Palizzi valley (Fig 5. 12), it appears as a very chaotipilli and breccia  
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Fig  5.  9. 
Deposits related to the UPCa and UPCb units outcropping in the present-day western crater-rim. a) lithic-rich 
deposits, composed by more or less altered fragments, related to UPCa4 and UPCa5 sub-units; b) mLT layer,  
related to small column-collapse, within two mL(p) beds of UPCa7 fallout deposit; c) ballistic block (banded, 
black and grey, obsidian) within UPCa7; d) and e) fines-poor lenses developed within mLT (l) facies of UPCa8 
sub-unit; f) obsidian-rich UPCb1 pumices bed capped by layered ash-and-lapilli UPCb3 deposit; g) evidence of  
soft-sediment deformation in UPCb3, due to the impact of a large ballistic block (banded, black and grey, 
obsidian)
tuff confined into pre-existing morphologies.
This  deposit  could  be  correlated,  based  on  the 
stratigraphic position and matrix componentry, to 
a  thin  reddish  ash  layer  outcropping  in  the  SE 
sector  of  the  Fossa  cone  (Fig  5.  11).  This  layer 
cover the UPCa7 tephra beds and is covered by 
the tephra associated to the UPCb1.
The  lithological  and  geometrical  features  of 
UPCa8 deposits allowed to interpret this sub-unit 
as the products of PDCs from one explosive pulses 
from the Fossa cone.
UPCa9
They are massive to wavy-bedd, chaotic, sand and 
pebble deposits. The matrix range from fine to coarse sand composed by black-spongy scoriae and 
black-blocky obsidian , while the coarser fraction range from pebbles to cobbles and are made by 
black obsidian blocks, grey lava lithics, grey and white pumice pebbles.
The  deposits  of  the  UPCb5  sub-unit  are  geometricallytexturally  constrained  by  the  cone 
morphology.  In  fact  it  is  deposited  from  middle  zones  of  the  cone-flanks  and  the  thickness 
increases toward the base of the cone, as well as the abundance of coarser clasts. In the ring plain  
the thickness decreases, and the deposits become finer and more organized (wavy-lamination).
These  deposits  have  been interpreted  as  the products  of  post-  and inter-eruptive  lahars.  The 
massive, matrix supported deposits have been related to debris flows, while the more laminated 
and finer-grained deposits have been interpreted as the results of hyper-concentrated or stream-
flows.
Upper Pietre Cotte b (AD1771)
The Upper Pietre Cotte b unit comprises five sub-units (UPCb1 to UPCb5), separated by low-order 
unconformities and by changes in features of the deposits (structures, texture and componentry).
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Fig 5. 10.  Mdϕ vs σϕ diagram (Walker 1971) showing 
the grain-size features of different fallout deposits of 
the GCEC. Vulcanian fallouts and block-and-ash flows 
fallouts fields from Bonadonna et al (2002).
Fig 5. 11. a) Deposits related to the UPCa and UPCb sub-units outcropping in the south-eastern cone-flank; b)  
detail on the UPCa and UPCb deposits.
UPCb1
On the south-eastern flank (Fig 5. 11), it crops out as a continuous layer or as discontinuous lenses 
of  lapilli,  composed  by  high-vesicular  white  pumices,  moderate-vesicular  grey  pumices,  black 
obsidian, grey and reddish lava lithics.
In the northern flank it is a laminated, grey fine-ash sequence, cropping out between the deposits 
related to the UPCa8 and UPCb2 sub-units.
The lithological and geoetrical features of UPCb1 deposits allowed to interpret this sub-unit as the 
products of tephra fallouts from, at least, one explosive pulses from the Fossa cone.
UPCb2
On the crater-wall it is a thin (7,5 cm thick), massive, bad-sorted labs tuff, composed by lapilli to 
bomb clasts contained in a pale-grey ash matrix (Fig 5. 9). The coarse fraction is composed by pale 
grey moderate vesicular pumices; dark-grey obsidian clasts; white, high vesicular, stretched-vesicle 
rich pumices; grey and reddish lava lithics.
The deposits of the UPCb2 sub-unit outcropping only in the southern side of the Fossa cone, in a 
radial tributary-channel of the Palizzi valley. It is a massive, matrix supported, bombs and lapilli in 
ash deposit, with the reverse to normal graded coarse fraction (Fig 5. 12). The lapilli and bombs  
classes  are  composed  by  high-vesicular  white  pumices;  moderate-vesicular  grey  pumices; 
moderate-vesicular banded (white and grey) pumices; dense dark grey obsidian. It also contains 
grey and reddish lava lithics.
This deposit could be correlated, based on the stratigraphic position and matrix componentry, to a 
thin reddish ash layer outcropping in the SE sector of the Fossa cone (Fig 5. 11). This layer cover 
the UPCc1 tephra beds and is covered by the tephra associated to the UPCd1.
The lithological and geometrical features of UPCb2 deposits allowed to interpret this sub-unit as 
the products of PDCs from one explosive pulses from the Fossa cone.
UPCb3
On  the  top  of  UPCc2,  the  crater-wall  sequence  shows  a  reverse  graded,  well  sorted,  clast 
supported, bombs to lapilli  deposit (15 cm thick, Fig 5. 9e and 9f).  It  is  composedy pale grey, 
moderate vesicular pumices; dark-grey obsidian clasts; pale grey, thin-breadcrusted bombs; dark 
grey, thick-breadcrusted bombs; grey and reddish lava lithics.
On the south-eastern flanks it crops out as a continuous layer or as discontinuous lenses of lapilli,  
composed by black obsidian, grey and reddish lava lithics, moderate-vesicular grey pumices.
In the northern flank it is a laminated, grey fine-ash sequence, cropping out between the deposits 
related to the UPCb3 and UPCb5 sub-units (Fig 5. 11).
The lithological and geometrical features of UPCb3 deposits allowed to interpret this sub-unit as 
the products of tephra fallouts from repetitive explosive pulses from the Fossa cone.
UPCb4
This unit crops out only in the southern flank of the Fossa cone. Given the presence of two well-
defined gullies at the margin of the Palizzi lava at the time of deposition, the deposits of UPCc4 
sub-unit  formed two lobes  of  bombs  and blocks,  with  thickness  variation  between 1  and 1,5 
metres (Fig 5. 12e).
The deposit is massive, mains- supported, bombs and blocks deposits, with scarce ash matrix (Fig  
5. 12f). The coarser fraction is graded, with an accumulation of dense, dark obsidian blocks, mixed 
pumices-obsidian clasts, grey lava lithics and thick-breadcrusted bombs in the lower-most part and 
an upper zone composed by banded pumices, grey-moderate vesicular pumices and thin-
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Fig  5.  12. 
PDCs and grain flows deposits associated with the UPCa and UPCb sub-units outcropping in the southern cone-
flank and in the Palizzi valley. a) and b) UPCa8 lithic-rich PDC deposits in the southern and northern sector of  
the Fossa cone, respectively; c)and d)  UPCb2 pumice-and-ash PDC deposit, observed in a radial channel on the  
right bank of the Palizzi lava; e) large-scale geometry of the UPCb4 grain-avalanche deposit on the southern-
side of the Fossa cone, showing internal stratification, related to different aggrading pulses; f) massive texture  
of UPCb4 deposit; g) density-related coarse-tail grading pattern of UPCa4, evidenced by zones with different 
abundance of different clast-type (obsidian blocks, bread-crusted bombs, pumices).
breadcrusted bombs (Fig 5. 12g).
The lithological and geometrical features of UPCb4 deposits allowed to interpret this sub-unit as 
the products of a small grain-avalanches from the southern rim of the Fossa summit crater area. 
UPCb5
They are massive to wavy-bedded, chaotic, sand and pebble deposits. The matrix range from fine 
to coarse sand composed by black-spongy scoriae and black-blocky obsidian , while the coarser 
fraction range from pebbles to cobbles and are made by black obsidian blocks, grey lava lithics,  
grey and white pumice pebbles.
The  deposits  of  the UPCb5 sub-unit  are  geometrically  and texturally  constrained by  the  cone 
morphology.  In  fact  it  is  deposited  from  middle  zones  of  the  cone-flanks  and  the  thickness 
increases toward the base of the cone, as well as the abundance of coarser clasts. In the ring plain  
the thickness decreas
These  deposits  have  been  interpreted  as  the  products  of  post-and  inter-eruptive  lahars.  The 
massive, matrix supported deposits have been related to debris flows, while the more laminated 
and finer-grained deposits have been interpreted as the results of hyper-concentrated or stream-
flows.
Given  the  stratigraphic  position  and  the  “repetitive”  behaviour  of  the  Upper  Pietre  Cotte  b 
eruption, it has been correlated to the AD1771-1780 eruptions reported by Mercalli and Silvestri 
(1891) and De Fiore (1922).
AD1780 and AD1786 eruptions
These  two  units  are  very  similar,  and  each  one  is  divided  in  two  deposits  (AD1780a, 
AD1780b,AD1786a and AD1786b).
AD1780a and AD1786a
In the crater-wall (Fig 5. 2), this unit are difficult to separate, forming a laminated sequence of 
coarse  ash  and  lapilli  layers.  The  fine-sized  layers  are  constituted  by  grey  pumices  and  black 
obsidian clasts, while the coarse-sized ones are composed by grey, microvesicular pumices, black 
obsidian clasts and grey to reddish lava lithics. The limit between the two units was set arbitrarily 
in correspondence of a coarser-grained layer (195 cm from the base), with an abundance of bombs 
and blocks. The upper part of the sequence (1786a) is generally coarser-grained compared whit  
lower part (1780a).
Outside the summit crater area (Fig 5. 11 and 13), they are parallel-bedded, sequences of lapilli 
and coarse ash or coarse ash to fine ash, depending on the geographical position respect to the 
summit  crater  area.  Each ash-bed is  massive to normal  graded and it  is  constituted by dense 
obsidian and moderately vesicular pumices, with block to spongy outlines , respectively. The beds  
also contain grey and reddish lava lithics (Fig 5. 13 a and d).
The two unit are stratigraphically separated by 1780b sub-unit, while the deposits of the 1786b 
sub-unit topped the sequence (Fig 5. 13a, 13b and 13e).
The lithological and geometrical features of AD1780a and AD1786a deposits allowed to interpret 
these sub-units as the products of tephra fallouts from repetitive explosive pulses from the Fossa 
cone.
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 1780b 
and 
1786b
They are massive to wavy-beded, chaotic, sand and pebble deposits (Fig 5. 13). The matrix ranges 
from fine to coarse sand composed by black-spongy scoriae and black-blocky obsidian , while the 
coarser fraction range from pebbles to cobbles and are made by black obsidian blocks and grey  
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Fig 5. 13. Primary and reworked deposits associated with the AD1780, AD1786 and AD1888-90 
eruptions outcropping in the south-eastern cone-flank. Primary deposits can be easily recognised  
by their parallel-bedding (pbAL(o)), while reworked deposits are characterised by massive (mS(o)) or 
cross-stratified textures (csS(o,p)).  Products of each eruption were superimposed with geometries 
controlled by the channels pattern produced during the post- and inter-eruptive phases. Evidences 
of  syn-eruptive  reworking  have  recognised  in  the  succession  of  the  AD1786  and  AD1888-90 
eruption.
lava lithics (Fig 5. 13).
These deposits are geometrically and texturally constrained by the cone morphology. In fact it is 
deposited from middle zones of the cone-flanks and the thickness increases toward the base of the 
cone, as well as the abundance of coarser clasts. In the ring plain the thickness decreases, and the 
deposits become finer and more organized (wavy-lamination).
These deposits have been interpreted as the products of post-eruptive lahars. The massive, matrix 
supported deposits have been related to debris flows, while the more laminated and finer-grained 
deposits have been interpreted as the results of hyper-concentrated or stream-flows.
AD1888-90 eruption
The deposits of the AD1888-90 eruption lies on a well-defined angular unconformity (Fig 5. 14) and 
comprises four sub-units (Early AD1888, AD1888-90 VE, AD1888-90 syn-E, AD1888-90 inter-E).
Early AD1888
It is a massive, chaotic, bad-sorted lapilli tuff deposit (12 cm thick on the crater wall, Fig 5. 14). The  
coarse  fraction  is  constituted  by  grey  to  reddish  lava  lithics,  rare  black  obsidian  clasts  with 
conchoidal fractures and very altered grey pumices.
On the cone-flanks and in the neighbouring areas (Fig 5. 13 and 14), it correspond to a thin (1-8 cm 
thick), brown-grey, lithic ash layer.
The lithological and geometrical features of Early AD1888 deposits allowed to interpret this sub-
unit as the products of tephra fallouts from repetitive explosive pulses from the Fossa cone.
AD1888-90 VE
On the crater rim, the deposit  related to this  sub-unit are massive, chaotic,  well-sorted, clast-
supported, constituted by black to dark grey obsidian blocks, dark grey bread-crusted bombs, with 
grey vesiculated interior,  and rare dark grey spatter-like pumices (Fig 5.  14,  15 and 16).  Some 
lenses of coarse ash and lapilli lenses, very rich in obsidian clasts, are present.
Outside the crater-wall, this sub-unit is a parallel-bedded, sequences of lapilli and coarse ash or 
coarse ash to fine ash, depending on the geographical position respect to the summit crater area 
(Fig 5. 13a and 13b). Each ash-bed is massive to normal graded and it is constituted by dense 
obsidian and moderately vesicular pumices, with block to spongy outlines ,respectively. The beds 
also contain grey and reddish lava lithics.
The base of the sequence in all the areas is unmistakeably evidenced by the presence of the lithic  
ash-layer related to the Early AD1888 sub-unit (Fig 5. 14).
Samples from the AD1888-90 VE are generally well sorted and median diameter ranging between 
0.3ϕ and 1.91ϕ (Fig 5. 10). They also show sub-unit show two sub-populations (Fig 5. 17), with a  
coarser-grained mode (~1ϕ) and sometimes with a very pronounced finer-grained second mode 
(~4.5ϕ). This feature are also observed in the deposits from Vulcanian explosions at Soufrière Hills  
Volcano (Montserrat; Bonadonna et al  2002) and from recent (1987-2001) explosive activity at 
Arenal Volcano (Costa Rica; Cole et al 2005). The production of fine ash (finer mode) during such 
eruptions  was attributed to a number of  factors including: (i) Multi source tephra fall, i.e. from 
pyroclastic flows and explosion plumes, (ii) aggregation causing premature tephra fallout and (iii) 
multiple simultaneous sources of tephra fallout from plumes at differing heights (Bonadonna et al 
2002). During the AD1888-90 eruption, the plumes vary between 1 km to 10 km, due to different  
size of explosions, while no PDCs have been observed ( Mercalli and Silvestri,1891). Therefore the 
different plume heights are the most probably cause of the large amount of fine ash in proximal 
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deposits  (within  2  km  from  the  vent).  More  detailed  studies  on  the  ash  morphologies  are 
necessary to investigate the abundance of ash-aggregates and hence the possibility of premature 
fallout of tephra due aggregations.
AD1888-90 post-E
It comprises wavy-bedded, chaotic, sand and pebble deposits. The matrix range from fine to coarse 
sand composed by black-spongy scoriae and black-blocky obsidian ,  while  the coarser fraction 
range from pebbles to cobbles and are made by black obsidian blocks and grey lava lithics.
These deposits are geometrically and texturally constrained by the cone morphology. In fact it is 
deposited from middle zones of the cone-flanks and the thickness increases toward the base of the 
cone, as well as the abundance of coarser clasts. In the ring plain the thickness decreases, and the 
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Fig 5. 14. Primary and reworked deposits associated AD1888-90 eruption. The “Early AD1888” lithic layer 
(lapilli sized in the summit crater area and ash-sized in the other zones) marks unmistakably the base of the 
“AD1888-90 VE” sub-unit.
Fig 5. 15. a) Large obsidian blocks emitted during the last phase of the AD1888-90 eruption; b) detail on the  
brecciated of obsidian blocks.
deposits become finer and more organized (wavy-lamination).
These deposits have been interpreted as the products of post-eruptive lahars. The massive, matrix 
supported deposits have been related to debris flows, while the more laminated and finer-grained 
deposits have been interpreted as the results of hyper-concentrated or stream-flows.
AD1888-90 inter-E
This unit comprises poorly to very poorly sorted, massive, matrix-supported coarse sands to very 
fine gravels deposits. The morphology of the deposits could be well constrained, showing high 
lenticular-shaped lobes and roughly triangular-shaped levees, with a smoothed transition to the 
central part.
These deposits have been interpreted as the products of inter-eruptive lahars. The massive, matrix  
supported deposits have been related to debris flows, while the more laminated and finer-grained 
deposits have been interpreted as the results of hyper-concentrated or stream-flows.
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Fig 5. 16. b) Bread-crusted bombs emitted during the AD1888-90 eruption; b) Bread-crusted bombs cross-
section, showing the thick (3 cm) dense, chilled rim, and the highly expanded interior.
Fig 5. 17. Grain-size features of the AD1888-90 deposits. Samples show more or less marked polimodality.
5.3.4 Dispersal area and volume
The volumes of the tephra fall deposits (Fig 5. 19, 20, 21, 23 and 24) were calculated using the 
methods proposed by Pyle (1989) and Bonadonna and Houghton (2005), while the volumes of the 
PDC deposits  (Fig  5.  18  and  22)  and  of  the  Pietre  Cotte  lava  were  calculated  integrating  the  
thickness variation in a dedicated GIS (Platz et al 2007, Di Traglia et al 2009, Bellotti 2010, Di Traglia  
et al submitted). The volumetric data were summarized in Tab 5. 4a.
The use of both the Pyle (1989) and Bonadonna 
and Houghton (2005) method has been chose to 
have  a  range  of  minimum  emitted  volume.  The 
Pyle (1989) method assume an exponential decay 
of  thickness  with  distance  from  vent,  while  the 
Bonadonna and Houghton (2005) method calculate 
the volume of tephra fall deposits by integration of 
the power-law fit on semi-log plots of thickness vs 
(area)1/2.  The  power-law  method  needs  two 
arbitrary  integration  limits,  B  and  C,  that  were 
chosen as the calculated maximum thickness (Bt in 
the Pyle 1989 method) and the downwind limit of 
significant  volcanic  cloud  spreading,  respectively. 
Thus C=30 km and C=70 have been chosen, that are the distances between the Island of Vulcano 
and the northern Sicilian coast (30 km; Milazzo town) and the Etna Volcano (70 km), considered 
the  minimum  and  the  maximum  distances  reached  by  the  volcanic  clouds  during  the  recent 
eruptions, as reported by De Fiore (1922). Exception has been made for the “early AD1888” sub-
unit, for which C=7 km, i.e. the distance between the Fossa and the town of Lipari. The “power-law 
thinning” calculation is very sensitive to the integration limit C (that is difficult to define for not 
contemporary eruptions) when the exponent is <<2 and thus it is difficult to constrain the volume 
accurately because it greatly depend 
to C (Bonadonna and Houghton 2005).
The volumes of fallout deposits range between 105 and 108 m3 (tephra volume, Fig 5. 25), with the 
higher values related to the repetitive, long-lasting eruptions (AD1550, AD1626, AD1727, AD1786, 
AD1888-90),  while  lower  volumes were emitted  by the short-duration explosions  (AD1731-39,  
AD1771).
The  total  emitted volumes for  each eruption (tephra,  lava and PDCs)  have  been converted in 
erupted mass considering the average low-density juvenile-high density juvenile-lithic content (Tab 
5. 4b) evaluated by Bianchi (2008), Roverato (2008) and Lorieri (2009). The density values used to 
convert the volumes in mass are reported in Tab 5. 4.
Comparing the mass with time (age of different eruptions, Fig 5. 26), it is worth to note that there  
is a general flat trend, meaning that after the AD1444 the Fossa cone experienced a “constant” 
(within the error range) eruption of mass, without evidence of waxing or waning activity.
5.3.5 Quantitative morphology
Quantitative  morphological  investigation have been carried out  to the cones (C3 and C4)  and 
craters (Cra, Cr5 and Cr6) that were n the summit crater area
The main information on the summit cones and craters concerned in particular the exactumbers of  
craters formed during this period and  the quantitative volumetric reconstruction of the cone-
growth  during  the  AD1888-90  eruption.  These  analysis  could  be  possible  using  a  map  of  the 
summit crater area (Fig 5. 27), made by Pistoia in the 1865 and reported by De Fiore (1922).
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Fig  5.  18.  Thickness  distribution  of  the  Forgia  1 
deposit.
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F
ig  5.  19.  Isopach  map  of  the  fallout  deposits  emitted  during  the  AD1444-1890 
eruption series. Thickness in mm.
As pointed out in the Chapter 2, the GCEC is related to the C3 and C4 cones and to the Cr4, Cr5 and  
Cr6 craters.
The two cones partially overlap in the southern rim of the summit crater area, while the northern 
rim of C4 lies within the depression formed following the excavation of Cr4 and Cr5 (Fig 5. 28b).
Form the analysis of the morphology of the AD1865 summit crater area, it was possible to detect 
the  presence  of  five  crater-rims,  namely  CrA  to  CrE  (Fig  5.  28a).  Comparing  the  present-day 
morphology with this new map it is possible to see as the current topography has led to errors in 
dating of  the crater-rims (Fig 5.  28c).  In fact,  in the previous reconstruction,  CrA and CrB was 
merged to form Cr4, while they are two clearly distinct craters. Is  interesting to note that CrB 
correspond  to  the  vent  of  the  Pietre  Cotte  lava  flow,  allowing  to  attribute  this  crater  to  the 
AD1731-39 eruption, based on the historical reconstruction of De Fiore (1922).
Subtracting the DEM of the AD1865 topography 
to  the  present-day  morphology  a  minimum 
volume of tephra deposited in the summit crater 
area  during  the  AD1888-90  eruption  has  been 
obtained  (Fig  5.the  calculation,  only  the  areas 
with  positive  difference  (filled)  were  taken  in 
account, given a tephra volume of 16.5x106 m3.
Other  frequently  active  composite  cones  have 
been investigated by several Authors with the aim 
to  constrain  the  their  eruptive  behaviour  and 
grow rate.
The  features  of  these  cones,  together  with  the 
Fossa ones,  are  reported in  Tab 5.  1 and these 
data allowed a comparison with the Fossa cone 
behaviour.
The  short-term  cone  growth  rate  for  the  Fossa  cone  has  been  evaluated  for  the  AD1888-90 
Vulcanian eruption,  comparing the AD1865 and the present-day morphologies.  During the last 
eruptive crises, the summit crater area of the volcano growth at an average rate of ~0,3 m3s-1 in a 
period of ~20 month. This value is something less but in the same order of magnitude of the rate 
of  cone  growth  evaluated  for  AD1986  eruption  at  Izu-Oshima  (0.9  m3s-1;  Sumner  1998)  and 
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Fig 5. 20. Thickness and areal distribution of: a) UPCa8 PDC-deposit; b) UPCb2 PDC-deposit; c) UPCb4 grain-
avalanche deposit
Fig 5. 21. Pyle (1989) plot of the tephra fallout emitted 
during  the  GCEC  compared  with  other  Vulcanian 
(Montserrat,  Bonadonna  et  al  2002),  violent-
Strombolian (Croscat, Di Traglia et al 2009), sub-Plinian 
(Asama, Yasui and Koiaguchi 2004; Vesuvius, Arrighi et 
al 2001)
AD1954-55 eruption at Ngaurouhoe (0.65 m3s-1;Hobden 2002) volcanoes, while is one order of 
magnitude greater than the value calculated for the AD1783 eruption of the Asama volcano (0.01 
m3s-1 ;Yasui and Koiaguchi 2004).
5.4 Discussions
5.4.1 Eruptive style and sequence of the eruptions
From  the  duration,  internal  stratigraphy, 
lithofacies  association  and  emitted  volume,  the 
eruptions  of  the  Gran  Cratere  Eruptive  Cluster 
could  be  classified  into  three  main  groups: 
isolated steam-blast explosion, complex effusive-
explosive  eruption  and  repetitive  vulcanian 
eruptions.
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Tab 5. 5. a) Erupted volume and mass. EXP is referred to the volumetric calculation based on the exponential thinning  
assumption (Pyle 1989); PL30 is referred to the volumetric calculation based on the power low exponential thinning  
assumption thinning (Bonadonna and Houghton 2005), considering c=30km (distance from the NW Sicilian coast);  
PL70 is referred to the volumetric calculation based on the power low exponential thinning assumption thinning  
(Bonadonna and Houghton 2005), considering c=70km (Mt.Etna);
Fig 5. 5. b) low-density juvenile, high-density juvenile and lithic content used to convert the  
erupted volume in mass (data from Bianchi 2008, Roverato 2008, Lorieri 2009)
Fig 5. 22. Trend of erupted mass during the GCEC
Isolated steam-blast explosion
In the stratigraphic record of the recent activity of 
the  Fossa  cone,  only  the  AD1444-Forgia  1 
deposits  are  interpreted  as  the  products  of 
isolated,  high-energy,  steam-blast  eruption  that 
produced  a  laterally  directed  (probably  diluted) 
PDC.
From  chronological  point  of  view,  the  AD1444 
eruption seem to be an isolated event in between 
the  end Commenda  Eruption  (XIII  century)  and 
the GCEC. 
The  trigger  mechanisms  of  this  eruption  is  not 
constrained and may be related to the uprising of 
magmatic  gasses  (Commenda-type eruption),  to 
the pressure built-up due to processes within the 
hydrothermal  system  (self-sealing,  phase-
reactions, etc.) or to the increase in heat and gas 
flux related to the slow ascent of uprising magma.
The Forgia craters are two eccentric vents straight with the other recent vents of the Lipari-Vulcano 
Volcanic Complex forming a NS-trending lineament (Ventura et al 1999).
The possible occurrence and the destructiveness 
(related  to  the  position  respect  to  the  Vulcano 
Porto town) of steam-blast explosions along this 
lineament has been yet point out by Sheridan and 
Malin  (1983).  The  difficulties  to understand the 
trigger  mechanism  of  the  AD1444  eruption 
increase  the  potential  hazard  of  these  kind  of 
explosive events.
Complex effusive-explosive eruption
The UPCa unit represent the product of a complex 
eruption  occurred  in  the  period  AD1731-39, 
during  which  the  Fossa  cone  experienced  the 
transition from the effusion of a viscous lava flow 
(UPCa2)  accompanied  by  weak  explosivity 
(UPCa1),  to  a  vigorous  vulcanian  explosion 
(UPCa7  and  a8).  The  UPCa1-UPCa2  were 
interpreted  as  the  products  of  effusive  activity 
(UPCa2-Pietre  Cotte  lava)  and  the  associated 
tephra emission from the summit crater area of 
the  Fossa  cone  (UPCa1).  Based  on  this 
interpretation,  the two sub-units  are considered 
to  be  contemporary  and  not  overlapping 
stratigraphically.
The  transition  to  one  style  of  eruption  to  one 
other  was  not  continuous,  as  testified  by  the 
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Fig  5.  23.  Map of  the summit  crater  area drawn by 
Pistoia (1865) and reported by De Fiore (1922)
Fig  5.  24.  a)  hillshade  of  the  western-side  of  the 
summit  crater  area  based  on  the  map  of  Pistoia 
(1865); b) present-day hillshade of the western-side of 
the summit  crater area;  c)  comparison between the 
AD1865 and the present-day morphology
occurrence of intra-eruptive lahar deposits (UPCa3, a6) and by the presence of the products of two 
steam-blast (phreatic or magmatic-hydrothermal) explosions (UPCa4 and a5).
The main part of deposit of the vulcanian phase (UPCa7) were deposited from by fallout from an 
eruptive column, while only the upper-most sub-unit (UPCa8) is the products of a PDC.
The eruptive column was relatively stable during the eruption, as testified by the presence of only 
one small layer ascribable to an intra-eruptive PDC (massive lapilli tuff layer within UPCa7). The  
dispersion of this layer is limited to the summit crater area, suggesting that the collapse was small 
enough to not support the generation of a large PDC.
Given the geometric  relationship (sharp  contact)  and the difference of  componentry  between 
UPCa7 and UPCa8, the UPCa8-forming PDC was probably produced by a discrete explosion, instead 
to be the results of the collapse of the UPCa7-forming column. The abundance of lithic material in 
UPCa8 deposit suggests an explosive interaction between the viscous plug that filled the Fossa 
conduit,  its  gas released and the hydrothermal system, allowed to classifiy  the UPCa8-forming 
phase as magmatic-hydrothermal.
The end of the eruption is evidenced in the stratigraphy by the occurrence of post-eruptive lahar 
(UPCa9), composed by the UPCa material, deposited in the rills and gullies formed within the UPCa 
deposits.
Repetitive vulcanian eruptions
The other eruptions of the GCEC were all vulcanian in their behaviour, but among them there were 
some differences.
The AD1771 eruption produced the UPCb unit by direct sedimentation by fallout from a eruptive 
column during a series of strong vulcanian explosions (UPCb1 and b3). The UPCb2 represent a 
PDC-forming event produced by column collapse, as suggested by the similarity in the components 
between UPCb1 and b2 (Lorieri 2009).
Based on the geometry and the lithofacies features of the UPCb4 sub-unit, it is interpreted as a  
grain  flow  produced  in  response  to  the  grow  of  the  summit  crater  area  during  the  AD1771 
eruption.
The other  vulcanian eruptions are more homogeneous,  and the main differences  concern the 
erupted volume and the duration.
The deposits of the vulcanian eruptions have been interpreted as a sequence of ash-fallout layers 
produced by  a  series  of  discrete,  impulsive  explosions,  followed by  rest  periods  during  which 
erosion and re-sedimentation occurred (Fig 5. 30)
The exclusive presence of lithic ash in the lower-most layers of the LPCa1 deposits are interpreted 
as the products of bursts of gas pockets that “cleaned” the vent, shifting progressively to a series of 
“pure” vulcanian explosions, while the variation in the of lithic content in all the vulcanian deposits 
has been interpreted to be related to the craterization processes (Self et al 1979).
5..4.2 Relationship between non-juvenile and magmatic explosions
The recognition of non-juvenile bursts preceding eruptions related to the uprising of viscous plugs, 
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Tab 5. 6. Results of the quantitative morphological investigation of the Pietre Cotte lava (Profile 2, 3 and 4 are referred 
to Fig 5. 22)
as dome eruptions and vulcanian explosions, were largely reported in the volcanological literature 
(Thomas et al 1982, Chretien and Brousse 1989; Barberi et al 1992, Calvache and Williams 1992, 
Gardner and White 2002).
Phreatic explosions at Mount St. Helens (USA)  occurred between October 1 and 5, 2004, 
preceding the emergence of hot dacitic lava on the crater floor on October 11, 2004 (Rowe et al 
2008). Small volcanic explosions at Augustine Volcano (USA) in mid-December, preceding the 
January 11, 2006 eruption (Coombs et al 2010). The bulk of deposits of both precursory phases 
were fragments of altered rock and crystal fragments that are likely reworked older volcanic 
material.
The  recent  activity  of  the  Fossa  cone  shows  perfectly  this  relationship,  evidencing  how  the 
outburst  of  volatiles  derived from the  slow-rising  magma and from the hydrothermal  system, 
invariably have anticipated the onset of the vulcanian crises (as also reported by Montalto 1995 
and references therein). This evidence coming from both the stratigraphic record and the historical 
accounts (especially fro the AD1888-90 eruption).
Two  main  information  could  be  obtained  from  this  relation:  1)  the  potential  occurrence  of 
eccentric  non-juvenile  bursts,  with the formation of  lateral-spreading PDC and the ejection of 
ballistic blocks (Forgia-like event); 2) the explosive and non-explosive (fumaroles activity) events 
that  characterize  the  “preparatory”  period  that  occurred  before  the  onset  of  the  vulcanian 
eruptions (AD1888-90-like event).
The potential of eccentric non-juvenile explosions is testified by the presence of the two Forgia 
cones. These lateral vents are the results of two steam-blast explosions occurred in the 1444 and 
1727,  respectively.  The  Forgia  1  eruption  could  not  considered  as  a  precursory  activity  of  a 
vulcanian eruption, because the first magmatic eruptions occurred more than 100 years later. On 
the other side the Forgia 2 vent erupted just at the onset of the 1727 eruption, and its products 
are inter-bedded with the Lower Pietre Cotte b unit.  In that sense the Forgia 1 represent the 
maximum expected scenario for a lateral steam-blast eruption and it could represent a significant 
threat to the Vulcano Porto town, as yet evidenced by Sheridan and Malin (1983).
The historical accounts reported by Mercalli and Silvestri (1891) and De Fiore (1992) show which 
kind of activity preceded the AD1888-90 vulcanian eruption.
In  fact,  after  the  AD1786  eruption,  twelve  period  of  non-juvenile  explosions  occurred,  with 
different  eruption duration and intensity,  together with increasing in  fumaroles  activity.  These 
explosions produced only small deposits, generally confined in the vent, area or thin enough to be 
rapidly  removed  by  the  erosion.  An  exception  was  the  AD1888  August  3rd-4th-5th explosions, 
emitted ballistic blocks at 1 km from the crater (Mercalli and Silvestri) and produced a lithic ash  
layer (1-8 cm thick) in the neighbouring areas.
5.4.3 Volumes of the AD1888-90 Vulcanian eruption
Comparing  the  tephra  fallout  and  the  cone 
volumes  (Fig  5.  25),  some considerations  about 
the volume of  the AD1888-90 eruption may be 
discussed. Previously,  it  is  worth to remark that 
the  method  proposed  by  Pyle  (1989)  for  the 
calculation of the tephra fallout volumes is based 
on the assumption of the exponential thinning of 
deposit thickness with distance. This assumption 
is  obviously  a  simplification  that  gave  the 
opportunity  to  estimate  a  minimum  volume 
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Fig 5. 25. Thickness of the products of the AD1888-90 
deposited on the  summit  crater  area,  based  on the 
comparison between the AD1865 and the present-day 
morphology
based on a field-based dataset (i.e. depending on the availability of outcropping deposits), not well 
constrained in the actual distribution area of a volcanic plume. Bonadonna et al (2002) evidenced 
that, for the Vulcanian eruption of the Soufrière Hills Volcano (Montserrat), extrapolation of Pyle's 
(1989) method underestimates the volume of tephra-fallout deposits by at least 10%. Otherwise, 
as yet pointed before, the “power-law thinning” calculation is very sensitive to the integration limit 
C when the exponent is <<2 and thus it  is  difficult to constrain the volume of the AD1888-90  
accurately because it greatly depend to C (Bonadonna and Houghton 2005). The proximal tephra 
volume assessed here allowed to assert that the volume calculated with the Pyle (1989) method is 
to low (~9x106 m3) and it is inconsistent with the deposition of  16.5x106 m3  of the cone-forming 
deposits, while the AD1888-90 eruption deposited outside the summit crater area between the 
80% (considering C= 70 km) and the 12% (considering C= 30 km) of its tephra volume, calculated 
by the Power Low method (Bonadonna and Houghton 2005). This range is very large and do not  
allowed to constrain the amount of tephra deposited beyond the proximal area, in particular the 
amount of ash transported in the atmosphere very far from the Island of Vulcano.
Assessment of  ash hazards  is  critical  for  the human and animal  health effects of  ash because 
aerodynamically fine particles successfully negotiate the curves of the throat and are carried to the 
lungs (Horwell and Baxter, 2006) and for aircraft operations (especially commercial jets) during 
which a variety of hazards exist such as airborne very fine ash that enters and melts in jet turbines 
and can cause failure (Rose and Durant 2009). Detailed dedicated models on tephra dispersal are  
necessary to asses the actual  hazard related to the injection of ash in the atmosphere during 
Vulcanian eruptions at the Island of Vulcano.
5.4.4 Differences with the previous studies
The differences in the reconstruction of the AD1444-1890 eruption series between this work and 
the previous studies concern the stratigraphy, the chronological attribution of the identified units,  
the eruptive styles and the transport-sedimentation mechanisms.
From stratigraphical and chronological point of view, besides the obvious differences related to a 
more detailed study, the main disagreements are related to the stratigraphic position of the Pietre 
Cotte lava. For the previous authors (Frazzetta et al 1983, De Astis et al 2006, Piochi et al 2009, 
Dellino et al 2010), the Pietre Cotte lava flowed after the emplacement of the pomiceous deposits  
outcropping on the present-day crater rim (UPCa7 to UPCb4 of this work). Tephrostratigraphical 
correlations  between different  ash-layers,  based  on  the  ash-fingerprinting  proposed by  Lorieri 
(2009),  allowed to collocate the Pietre Cotte lava below that sequence.  This  new stratigraphic 
framework implies that: 1) the emission of the Pietre Cotte lava flow occurred at the beginning of 
the AD1731-39 eruption; 2) the shifting in eruptive style from explosive to effusive, as predicted by 
Frazzetta et al (1983), has been not confirmed by new stratigraphic data. 
Concerning the eruptive and emplacement mechanisms of the AD1440-1890 eruptions, Frazzetta 
et al (1983) proposed a phreatic origin for the non-juvenile layers, deposited by PDCs (Forgia 1  
Forgia 2) or by fallout (Early AD1888) and this is in good agreement with the new interpretation 
proposed in this work. Otherwise, the entire investigated pyroclastic succession (Pietre Cotte and 
Gran Cratere Formation of De Astis et al 2006) has been interpreted as the results of dilute PDCs 
(thinly-laminated ash deposits) and fallout (mainly ballistic, coarse-grained pumices and obsidian 
deposits) related to phreatomagmatic explosions (Frazzetta et al 1983, Dellino et al 2010). This 
work evidenced that the thinly-laminated ash layers are fallout deposits from eruptive columns 
formed by repetitive Vulcanian pulses, while each coarse-grained pumices and obsidian deposit 
that outcrop on the present-day crater rim is related to bigger Vulcanian pulse.
PDCs deposits have been observed in the field, but they are rare (UPCa8 and UPCb2) and the 
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lithofacies variations suggest a more dense behaviour (grain-flows). Generation of PDC seems to 
be related both to the collapse of a Vulcanian column (UPCb2 and intra-UPCa7 small-PDC) and to 
period of virtually no magma extrusion (UPCa8, probably magmatic-hydrothermal explosion).
One grain-avalanche deposit has been also found (not evidenced before) and it is probably related 
to the high accumulation rate of fallout in the summit crater area during the UPCb3 phase.
Wavy-laminated ash deposits have been observed in the field but, give their componentry and 
geometry  variation,  they  have  been  interpreted  as  reworked  material  produced  by  hyper-
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Fig 5. 26. The volcanoclastic succession related to the GCEC outcropping at the base and on the cone-flanks. a) 
Thick pile of reworked deposits interbedded with primary layers deposited above the morphological break in 
slope at the base of the cone (6°-10° of slope); b) small rills formed after the deposition of LPCa1; c) Thick pile  
of inter-eruptive lahar deposits, formed after the AD1727 (LPCb1) eruption; d) massive post-eruptive deposit  
(AD1786b). The inter-eruptive nature of the deposit  is revealed by the presence of clasts of different pre-
existing deposits (the pale-brown colour is given by clasts of CC deposit); e) lahar deposits destified the erosive  
activity after the AD1888-90. As before, the inter-eruptive nature of the deposit is revealed by the presence of  
clasts of different pre-existing deposits (the pale-brown colour is given by clasts of CC deposit); f) up to 3 m 
deep gully on the northern flank of the volcano cut in older lahar deposit, testifying that the aggradation phase 
of volcanoclastic deposits is still active at the Fossa cone.
concentrated or stream-flows. The relationship between these layers and the massive sand-and-
boulder deposits, interpreted as the products of debris flows, perfectly respect the forestepping-
backstepping aggradation pattern observed during the post- and inter-eruptive periods (de Rita et 
al 1997, Manville et al 2009 and references therein).
One  important  difference  concern  the  size  and  the  eruptive  mechanisms   of  the  AD1888-90 
eruption.  Dellino  et  al  (2010)  asserted  that  “Ironically,  this  eruption  is  not  so  archetypical  of 
Vulcano, when compared to other ones that occurred at La Fossa. It was of a much lower intensity,  
still  driven by  magma–water  interaction processes”.  Contrariwise,  our  volumes reconstructions 
estimate that, at least in the last 1000 years, was one of the more voluminous eruption.
The phreatomagmatic vs magmatic origin of the explosions during Vulcanian eruptions has not 
been addressed in this work, but a large number of authors related the explosivity of the Vulcanian 
eruptions  to  solely  magmatic  processes  (sudden  decompression  of  a  conduit  containing 
pressurized magma), as observed in recently observed Vulcanian crisis, as Ngaruhoe (New Zealand; 
Nairn and Self 1978, Self et al 1979), Galeras (Colombia; Stix et al 1997), Soufrière Hills Volcano  
(Montserrat; Druitt et al 2002, Formenti et al 2003, Giacchetti et al 2010 and references therein),  
Sakurajima (Japan; Yokoo et al 2009) and Guagua Pichincha (Equador; Wright et al 2007), and also 
extrapolated by the analysis of the eruptive products of the AD1731-39, AD1771, AD1780, AD1783 
(Lorieri 2009) and AD1888-90 (Bianchi 2008) eruptions of the Fossa cone.
5.5 Conclusions
The deposits related to the AD1444-1890 eruption series of the Fossa cone (Gran Cratere Eruptive 
Cluster) have been reappraised by field-based analysis (stratigraphy and facies analysis), supported 
by grain-size analysis of selected samples.
The  absolute  ages  of  the eruptions  have  been attributed comparing  the  stratigraphy and the 
features of the deposits with the historical accounts reported by Mercalli and Silvestri (1891) and 
De Fiore (1922). Nine discrete eruptions have been recognised from the stratigraphical  record, 
while  deposits  from  minor  eruptions  reported  within  the  historical  accounts  have  not  been 
identified  in  the  field.  In  particular  the  AD1812-1886  steam-blast  explosions  did  not  produce 
significant  deposits  but  the detection of  these explosive  events that  preceded the AD1888-90 
Vulcanian eruption, allowed to speculate about the relationship between steam-blast events and 
the  uprising  of  viscous  plug  responsible  for  the  Vulcanian  crisis,  as  also  observed  in  older 
eruptions.
The main emplacement mechanisms were fallout from pulsating columns, whereas PDCs were rare 
and were related both to column collapse and to direct explosions, probability with the involement 
of the Fossa hydrothermal system.
Strong erosion of  the deposits  has  been observed together  with a  large amount  of  reworked 
material, and both the vertical that the lateral transitions from debris flow to hyper-concentrated 
flow to stream-flows facies have been observed.
The dispersal areas and volumes of almost all deposits have been evaluated and the sizes of the 
main eruptive phases have been extrapolated. The volumetric data suggests that the AD1888-90 
eruption was one of the more volumetric of the AD1444-1890 eruptive series, but also was one of 
the most voluminous of the last 1000 years.
The morphology changes in the summit crater area in response to the AD1888-90 eruptions have 
been reconstructed,  together  with  the  cone  growth  rate.  This  data  is  comparable  with  other 
growth  rate  of  other  small  composite  cone  (Ngaruhoe,  Izu-Oshima).  Higher  cone  growth rate 
during  explosive  eruptions  (as  the  AD1771)  probability  triggered  summit  cone  instability, 
promoting small grain-avalanches on the Fossa cone-flanks.
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Finally,  data on the AD1444-1890 eruptions allowed to improve the hazard assessment at  the 
Island of Vulcano. In particular the abundance of ash-rich fallout deposits related to the Vulcanian 
eruptions, previously interpreted as the results of dilute PDCs, pose an high hazard level not only 
on  the  Island  of  Vulcano,  linked  to  proximal  to  medial  tephra  accumulation,  but  also  in  the 
neighbouring Island of Lipari, due to the toxicity of breathable ash. Recent or on-going eruptions 
(Eyjafjallajökull and  Soufrière  Hills  Volcano)  also  suggested  that  the  presence  of  ash  in  the 
atmosphere may produced several disrupts to the aviations in the air space even far from the 
volcanoes. 
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6. Volcanic hazard on the Island of Vulcano: preliminary evaluation based on the XIII century-
present day geological and historical record
6.1 Introduction
In this chapter the recent evolution of the Fossa cone has been summarized, in order to evaluate a 
preliminary short-therm hazard assessment on the Island of Vulcano.
The last  1000 years of  eruptive activity  of  the Fossa cone have been characterised by a  wide 
spectrum of  eruptive  styles,  from mafic  ash eruptions (violent Strombolian),  to sub-Plinian,  to 
effusive,  to  steam-blast  explosions  and  eruptions  related  to  the  ascent  of  viscous  plug,  as 
Vulcanian explosions.
Merging the stratigraphic framework, the dispersal data, the physical parameters of the deposits 
and, sometimes, the eyewitness accounts of the eruptions occurred in the last 1000 years at the  
Fossa cone, allowed to reconstruct the sequence of events generally associated with the eruptions 
described before (chapter 2-5). 
Firstly,  the  evolution  of  the  Fossa  cone  in  term  of  eruptive  chronology  and  styles  has  been 
resumed, focussing the attention to the onset of the eruptions reappraising the available data on 
both  geological  and  historical  records.  Then  an  exploratory  (and  obviously  incomplete) 
probabilistic analysis of the data, in particular on eruption and rest interval recurrence time, have 
been performed.  Previous  studies  on the volcanic  hazard on the Island of  Vulcano have been 
compared. 
6.2 Eruptive behaviour of the Fossa cone during the last 1000 years
6.2.1 Eruptive styles
The first activities of the investigated period (XIII century), namely Palizzi eruption (Chapter 3), 
were characterised by frequent eruptions of small intensity (mafic ash eruptions, sensu Ono 1995) 
as  reported by historical  accounts  (De Fiore 1922).  These eruptions have been spaced by rest 
period, during which erosion occurred, producing a re-distribution of the volcanic material from 
the  cone  to  the  neighbouring  areas.  The  mafic  ash  eruptions  were  punctuated  by  two  more 
violent, “VEI 3 sub-Plinian” eruptions affecting a wide area of the Island of Vulcano with a large  
volume (3.75x106-3.89x106 m3 and 3.65x106 m3 for the first and the second, respectively) of tephra 
fall deposits.
After the second sub-Plinian eruption, a phase of effusive eruptions occurred, signing the end of  
this period characterised by only by magmatic activity.
The  style  of  the  eruptions  drastically  changed  and  a  large,  probably  long-lasting,  steam-blast 
eruption, called Commenda eruption (Chapter 4), occurred, ejecting ballistic blocks in a large range 
(at least 2.2 km from the summit crater area) and producing wide-spread PDCs (>4x105 m3, Chapter 
5) and non-juvenile ash emission (>1x107 m3 m3). The climatic phase of the eruption consumed a 
large quantity of energy (3,7X1013J), forming the crater and ejecting the lithic material away from 
the cone, with a overpressure in this phase of ~2 MPa.
This  eruption took place simultaneously  with a  large,  rhyolitic  eruption in the Island of  Lipari,  
triggered  by  a  mafic  injection.  The  Commenda  eruption  was  probably  driven  by  the  sudden 
uprising of a large amount of magmatic gas (2,8x106 m3), produced by a degassing shoshonitic melt 
(~10-1 km3).
After  a  rest  period  (one  century?),  the  activity  renewed in  the  AD1444  with  a  second,  high-
energetic (1.25x1013 kJ)  steam-blast  eruption (Forgia 1),  that occurred eccentric  respect to the 
summit crater area of the Fossa cone, in its northern flank and affecting an area currently occupied 
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by the Vulcano Porto town. This eruption “opened” a new stage of the activity of the Fossa cone, 
characterised by the ascent of viscous plugs of magma that powered at least 8 discrete eruption 
lasted from days to years.  These eruptions were mainly Vulcanian in styles,  including the first  
described  Vulcanian  eruption  (AD1888-1890),  but  frequent  steam-blast  explosions  occurred, 
generally before the onset of the main magmatic phase.  One effusive phase characterised the 
long-lasting,  complex  eruption  that  occurred  in  the  AD1731-39.  The  erupted  volume  ranged 
between 106 and 107 m3, affecting an wide area that comprised at leat the northern Sicilian coast 
and probably reached the Mt. Etna (De Fiore et al 1922), more or less 70 km far from the island.
The data on emitted tephra volumes during the 
investigated period suggested that the Fossa cone 
experienced at least twenty three eruptions (Fig 
6.  1)  ranging  between  1  and  3  in  the  VEI 
classification (Volcanic Explosivity Index, Newhall 
and  Self  1982),  without  a  clear  evidence  of 
waning. From the inspection of the geological and 
historical  record,  including  small  steam-blast 
explosions, twelve minor explosive events (VEI 1) 
in the last 1000 years have been counted, while, 
in the same period, VEI 2 and VEI 3 events were 
four and seven, respectively (Fig 6. 2).
Occurrence of the different eruptive styles and 
phenomena in the last 1000 years has been also 
studied by statistical analysis. The different 
eruptive styles have been grouped into five main 
categories: Vulcanian, sub-Plinian, steam-blast 
explosions, mafic ash emission, effusive 
eruptions. From statistical analysis (number of event in the investigated period; Fig 6. 3) its clear 
that the most recurrent kind of volcanic in the recent past activity of the Fossa cone were the 
steam-blast explosions, considered here considered both large (Commenda- or Forgia 1-type) and 
small (either isolated or associated with Vulcanian eruptions).
The  analysis  of  the  occurrence  of  the  different 
phenomena  in  the  last  1000  years  has  been 
conducted  using  seven  categories  (Fig  6.  4): 
ballistics  (mainly  in  the  summit  crater  area), 
ballistics  (outer  from  the  summit  crater  area), 
sustained  tephra  fallout  (i.e.  massive  fallout 
deposits), repetitive tephra fallout (i.e. laminated 
fallout  deposits),  small  PDCs  (affecting  the  ring 
plain around the cone), medium PDCs (affecting 
areas larger than the ring plain, i.e. outside the Fossa Caldera walls), lava flows, lahars (counted 
from the geological records, considering only the reworking deposits that show debris flows facies 
in the ring plain, i.e. the lahars could have produced damages in areas surrounding the cone).
6.2.2 Onset of the eruptions and changing in eruptive styles
Instrumental data on the phenomena related to the unrest of the Fossa cone and to the onset of 
the eruptions are very scarce and related only to the AD1888-90 Vulcanian eruption. On the other 
side,  the  geological  record  provided  informations  on  the  volcanic  event  preceding  the  major 
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Fig 6. 1. Number of events (cumulative) occurred since 
the ADXIII century.
Fig 6. 2. Number of event of each VEI class occurred 
since the ADXIII century.
eruptions and some data on the changing in the eruptive styles during the volcanic events.
The  mafic  ash  emissions  were not  preceded by 
phenomena  recognizable  in  the  Fossa  volcanic 
successions  and  more  detailed  studies  are 
necessary  to  evaluate  the  occurrence  of 
geologically-recordable  evidence  of  shift  from 
low-  (ash  emission,  strombolian)  to  larger-sized 
(Violent  Strombolian)  explosive  phases  (see  as 
example Cimarelli et al 2010).
The  two  recognized  sub-Plinian  events  show 
remarkable difference in the geological records. The PAL B deposits comprises three main layers 
(Pal B1 to B3) and were interpreted respectively as:  the opening phases (massive, grey, fine ash 
layer, Pal B1), the climatic phase (massive, grain-supported, pumices deposits, Pal B2), the waning 
phase  (massive,  white,  fine  ash  layer,  Pal  B3).  The  sharp  contact  between Pal  B1  and  Pal  B2 
suggests that the two related pulses were time-spaced, meaning that an interval (not constrained) 
occurred between the first ash explosion and the main small sub-Plinian phase. On the other side, 
Pal  D is  composed only by a massive pumice deposit,   meaning that the Pal  D-forming phase 
started without geologically-recognizable events, developing a stable eruptive plume (absence of 
associated PDCs) probably changing in height and direction, as can be deduced by the vertical  
grading-pattern and lateral clast- and grain-size variations.
The two main steam-blast eruptions (XIII century-
Commenda  and  AD1444-Forgia  1)  show 
differences  in  the  record  of  their  onset-related 
deposits.
The  Commenda  Eruption  started  with  two  ash 
explosions  (CGA1  and  CGA2),  followed  by  the 
climatic  phase  (CA).  The  stratigraphic  analysis 
revealed that a time gap occurred between the 
two phases (reworking material  in between the 
two related deposits), meaning that the volcanic system did not react immediately so violent to the 
arrival of the magmatic gas responsible for the eruption.
Opposite behaviour has been recognized for the Forgia 1 steam-blast eruption that produced a 
PDC from the eccentric vent located in the northern flank of the Fossa cone. The PDC-related 
deposits  are  directly in contact  with the products  of  the previous  eruption,  meaning that  the 
climax of the event was reached without precursory explosive phases. 
A complete different story has been recognized for the Vulcanian eruptions, both in the geological 
that in the historical data.
The historical records provided by Mercalli and Silvestri (1891) and De Fiore (1922) describe a lot  
of precursory activity to the AD1888-90 eruption. A series of steam-blast explosions have been 
described since the AD1812 and ended with the 3rd - 4th -5th August AD1888 explosions(thirteen 
days before the onset of the Vulcanian eruption) that produced the “Early AD1888” lithic deposit.  
During the period between the AD1786 and the AD1888-90 eruptions the fumaroles activity was 
high on the Fossa crater rim and gas emissions were recognized also in the Faraglione area (with 
the harbour-zone of Vulcano Porto town). It is worth to remark that only the AD1870-86 explosive 
series really anticipated the AD1888-90 eruption, while the AD1812-1831 did not evolved in a  
magmatic eruption.
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Fig  6.  3.  Number  of  event  type  occurred  since  the 
ADXIII century.
Fig 6. 4. Number of phenomena type occurred since 
the ADXIII century.
6.2.3 Preliminary probabilistic approach
Using data on the eruption size, the probabilities that eruptions of different VEI may occur have 
been evaluated, using the equation:
P Erup≤ Δt =1−e−λΔt (1)
where Δt is the investigated time interval and λ is the average recurrence time.
The recurrence time and the calculated probabilities are reported in Tab 6. 1 and this data are 
useful for future “short-term” hazard evaluations for the Island of Vulcano.
It is worth to remark that 121 years occurred between the end of the last eruption (1890) and 
nowadays (2011). During this period three “unrest crisis” have been observed, consisting in 
increase of fumaroles temperature, gas flux and seismic activity (Granieri et al 2006), but eruptive 
events have not been observed.
6.2.4 Rest periods
The stratigraphic framework proposed in this work, evidenced that the recent activity of the Fossa 
was  time-grouped  in  two  clusters  of  eruptions.  Each  cluster  represents  a  series  of  discrete 
eruptions lasted a limited time interval and that occurred without long rest periods.
The  timing  of  the  volcanic  activity  is  well 
constrained  for  the  last  eruptive  cluster  (Gran 
Cratere Eruptive Cluster, AD1444-AD1890), while 
is less detailed for the Palizzi-Commenda Eruptive 
Cluster (XIII century; Arrighi et al 2006). The rest 
period between each eruption vary between 1-
106 years, but these value are influenced by the 
superimposition  of  geological-derived  and 
historical-derived  data  and,  therefore,  could 
affected  by  the  incompleteness  of  the  former 
long-period  dataset  (detailed  data  only  in  the 
period AD1771-AD1890) compared with the latter 
short-period  (the  entire  Eruptive  Cluster). 
Considering alone the two datasets, informations on the timing of the major eruptions (VEI<1) and 
on the events that preceded the AD1888-90 eruption have been extrapolated.
From the geological record the VEI<1 eruptions took place with rest time of 4-106 years (Fig 6. 5)  
and two features may can be evidenced:
1) after the AD1444-Forgia 1 event (considerable as the onset of the second cluster) the activity  
was spaced in time with more than one hundred years between two discrete explosive events, 
while since the AD1697 to the AD1783 the eruptions were more close in time, with repose period  
of 3-40 years. After that, a period of no major activity was recognized (suggested also by a strong 
erosion of the previously deposited materials) until the AD1888.
2) two sub-clusters of eruptions (AD1727-AD1731-39 and AD1771-AD1780-AD1783) very close in 
time (3-9 years) have been recognized, separate by the other eruptions by a relatively long period 
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Tab 6. 1. Different VEI classes occurrence probabilities.
Fig 6. 5. Rest time vs year of eruption diagram based 
on geological data of the GCEC (AD1444-1890). Given 
the  absence  of  strong  chronological  constrains,  the 
rest  time  between  the  XIII  century  Commenda 
eruption and the AD1444 (Forgia 1) eruption has not 
been considered. Orange area highlights the AD1727-
39 and AD1771-86 sub-clusters.
(30 to 105 years)
As  yet  evidenced  before,  the  time  interval 
between the  AD1783 and AD1888-90  eruptions 
has  been characterized  by  fumaroles  activity  in 
the summit crater area, gas emission at the base 
of the cone (Faraglione area) and, since AD1812 
small  steam-blast  explosions,  as  isolated  events 
or  as  explosions  series  (Mercalli  and  Silvestri 
1891, De Fiore 1922). Even if there is an evident 
decrease in  rest  time between explosions  (1-39 
years  between  AD1812  and  AD1870,  1-7  years 
between  AD1870  and  AD1888),  a  regular 
decreasing trend can not be extrapolated (Fig 6. 
6).
6.2.5 Magma output rate
In frequently  erupting, composite volcanoes the 
eruptive frequency is related of the way magma is 
supplied  from  depth  and  stored  in  shallow 
plumbing/magma chamber systems (Takada 1999). Informations on time scales of magma output 
rate  and time spacing of  eruptions  are  crucial  to  understand both the long-term (hundred to 
thousand of years; Takada et al 1999, Cioni et al 2008, Pistolesi et al 2011) and the short-term 
(Scandone et al 2007) eruptive behaviours.
Data on the long-term magma output rates and the rest periods of the Fossa eruptions are well 
constrained only for the AD1444-1890 eruption series (Chapter 6), based on the reconstruction of 
the eruptions chronology and the volumes of the GCEC deposits (Fig 6. 7). Given the fragmentary  
historical  accounts  on  the  AD1444  and  AD1550  eruptions,  only  the  most  recent  magmatic 
eruptions (AD1626-1890) have been taken in account (steam-blast eruptions were not considered). 
Modelling the short-term behaviour requires more detailed data on the magma output rate than 
the ones collected in this work and therefore has not been considered here.
Given the uncertainty in the estimation of tephra fallout volumes (see Chapter 6), the magma 
output  rates  has  been  considered  for  all  the  calculated  volumes,  using  the  methodologies 
proposed by Pyle (1989) and Bonadonna and Houghton (2005).
Fig 6. 8 shows the variations of volumes (cumulative) trough time and it highlights the behaviour of 
the Fossa cone activity, characterised by the presence of discrete clusters of eruptions separated 
by rest periods (as observed in other stratovolanoes; Cioni et al  2008, Pistolesi et al  2011 and 
references therein).
6.2.6 Impact on the surrounding environment
The effects of the eruptive phenomena occurred in the last 1000 years can be evaluated mainly on 
the basis of the physical characteristics of thee deposits and by historical accounts (only for the 
AD1888-90 eruption).
The reconstruction of the impacts has been made for each emplacement mechanisms (fallout,  
PDCs, ballistics, lava flows, lahars) regardless the eruptive style, while the eruptive style-dependent 
impacts have been discussed later (Eruptive scenarios).
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Fig 6. 6. Rest time vs year of eruption diagram based 
on historical accounts of the GCEC (AD1444-1890). As 
before,  given  the  absence  of  strong  chronological 
constrains,  the  rest  time  between  the  XIII  century 
Commenda  eruption  and  the  AD1444  (Forgia  1) 
eruption  has  not  been  considered.  Orange  area 
highlights the AD1727-39 and AD1771-86 sub-clusters. 
After the AD1786 eruption, two sub-clusters of VEI 1 
steam-blast eruptions have been recognised (AD1812-
31  and  AD1870-86),  but  only  the  last  anticipated  a 
magmatic eruption.
Fallout
The  most  widespread  hazard  during  sustained 
eruptions is the accumulation of tephra falls over 
distances  of  typically  a  few  kilometers  from 
source  (Hougthon  et  al  2006  and  references 
therein).  The  fall  tephra  implies  two  main 
impacts:  massive  fallout  in  proximal  areas, 
generally  forming cone  around the  vent  and  a, 
more or less, widespread blanket of ash and lapilli 
(Sumner 1998, Yasuy and Koiaguchi 2004, Pioli et 
al 2008, Di Traglia et al 2009) accumulated in few 
hours-to days (sustained fallout; Cioni et al 2008 
and references therein) or in a large time-window 
(repetitive  fallout;  Bonadonna  et  al  2002).  The 
main associated hazard is  related to the tephra 
accumulation  on  roofs  (Blong  2003), 
concentration  of  ash  particles  dangerous  for 
humans  health  (breathable  ash;  Horwell  and 
Baxter 2006) and aviation (Rose and Durant 2009 
and references therein).
The mass of  recognized fallout  deposits  formed 
from sustained eruptive columns (Pal B and Pal D) 
ranging  between 1.40x109-4x109 kg  (considering 
the volume range  3.65x106-6.40x106 m3  and the 
density  of  the  deposits  400-600  kg/m3), 
accumulated  265-400  kg/m2 (1.5  m  thick)  of 
tephra  in  the  areas  surrounding  the  cones  (i.e. 
western-side of the Vulcano Porto town) and 8-12 
kg/m2 in zones far from the Fossa volcano (2 cm 
thick deposit, Vulcanello platform).
Informations  on  the  impacts  from  repetitive 
tephra fallout can be deduced by the features of 
the deposits but more accurate data on the distal 
dispersion can be extrapolate from the report of 
the AD1888-90 (Mercalli and Silvestri 1891). Ash 
sampled from this eruptions could collected on the Island of Stromboli (45 km from Vulcano) and  
near the Mt. Etna (more than 70 km from Vulcano). In the town of Lipari (7.1 km from the vent),  
during the December 29th (moderate explosions) the Scientific committee collected 1.75 kg of ash 
on a sheet paper of 60x44 cm (2.64x10 -3 m2) in four hours (0.67 kg/m2), resulting in an average 
accumulation rate of 0.17 kg/m2 h. The same calculations have been done in more proximal sites 
(inside Vulcano Porto town, ~1300 m from the vent) giving an average accumulation rate of 1,94 
kg/m2 h (0.42 kg/m2 in 13 minutes). Given these values of accumulation rate, an estimation of  
tephra accumulation in the principals town of the southern Aeolian Islands (Lipari and Vulcano 
porto town) with different range of eruption-duration (1-15-30-90 days, 1-5-10 years) has been 
evaluated (Tab 6. 2). The obtained values give an idea of the load on roofs in the two town that can 
be produced by a long-lasting tephra accumulation from repetitive plumes.
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Fig 6. 7. Variation of the magmatic output rate thought 
time.  a)  output  rate  calculated  using  the  fallout 
volume calculations based on the Pyle (1989) method; 
b)  output  rate  calculated  using  the  fallout  volume 
calculations based on the Bonadonna and Houghton 
(2005)  method, considering C=30 km; c)  output rate 
calculated using the fallout volume calculations based 
on  the  Bonadonna  and  Houghton  (2005)  method, 
considering C=70 km
PDCs
Two main classes of PDCs have been recognized 
within  the  recent  volcanic  succession  at  Fossa 
cone:  mainly  diluted  PDCs  and  mainly  dense 
PDCs. In Chapter 4 the main physical parameters 
(mobility, velocity, dynamic pressure) of the two 
PDCs  end-members  have  been  evaluated.  Few 
other PDC deposits have been recognized in the 
recent  stratigraphic  succession  (Chapter  5),  but 
their features (volumes, areal distribution, grain-
size) suggest a similar (Forgia 1 sub-unit) or lower 
(UPCa8  and  UPCb2)  energetic  (i.e.  hazardous) 
behaviours of the parental PDCs.
The diluted PDCs affected a wider area (4.5 km2, 
based on the CA1 areal  distribution), respect to 
the dense PDCs (0.45 km2, based on the CB areal 
distribution). Velocity and dynamic pressure have 
been  calculated  only  for  dilute  PDCs,  assuming 
average  flow  density  100-500  kg/m3,  and  the 
obtained  parameters  suggests  that  the  areas 
within 1.5 km from the vent (Vulcano Porto town) 
could be impacted by 28-186 m/s fast  currents, 
imposing dynamic pressures between 0.2 and 8.7 
kPa. As yet evidenced in Chapter 4, the 8.7 kPa 
value of dynamic pressure correspond to a Level 4 
in  the  “Building  damage  scale  for  dynamic 
pressure  impact  of  pyroclastic  density  currents” 
(Baxter  et  al  2005),  producing  a  partial 
devastation in the impacted area.
Ballistics
Ballistics blocks and bombs have been recognized 
in  different  stratigraphic  position  within  the 
recent volcanic succession of the Fossa cone at a 
maximum  distance  of  2.2  km  (30  cm  average 
diameter) from the present-day crater. 
From historical accounts reported by Mercalli and 
Silvestri  (1891),  during the AD1888-90 eruption, 
the  entire  Vulcano  Porto  area  was  affected  by 
ballistic  showers  during  the  most  powerful 
explosions, with blocks up to 50 cm (average diameter) fell at a distance of 1.3 km from the vent,  
causing  severe  damage  to  the  houses  and  infrastructures  and  posing  severe  threat  to  the 
inhabitants. 
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Fig  6.  8. Cumulative  volume  (km3)  of  tephra  fall 
deposits versus time for the past 1000 years of activity 
at Fossa cone. a) fallout volume calculations based on 
the Pyle (1989) method; b) fallout volume calculations 
based  on  the  Bonadonna  and  Houghton  (2005) 
method,  considering  C=30  km;  c)  fallout  volume 
calculations based on the Bonadonna and Houghton 
(2005) method, considering C=70 km
Lava flows
Three effusive events occurred at the Fossa cone during 
the  last  1000  years.  The  effusive  events  can  be 
categorized  in  two  main  classes,  based  on  the  main 
features  of  the  outcropping  lava:  1)  aa  trachitic-lava 
emission; 2) rhyolitic-lava emission. The main difference is 
related to the chemical composition and therefore to the 
yield  strength  (viscosity-dependent).  The  rhyolitic  lava 
flows have been characterised by high yield strength (21-
40 kPa, based on the measurements on the Pietre Cotte 
lava morphology; Chapter 5).  Yield strength of trachitic-
lava has not evaluated, but wider and longer lava flows 
(Pal E) suggest lower yield strength and/or higher effusion 
rate.
Lahars and rock avalanches
Of  the  entire  spectrum  of  transport-sedimentation 
mechanisms,  the lahars have been studied with  minor 
details.  Otherwise,  the qualitative  relationship  between 
explosive events and lahars generation and the extent of 
the  reworked  deposits  have  been  inferred  from  field 
analysis.
Hazard related to lahars can be sub-divided in two categories: direct impact due to the dynamic 
overpressure imposed by the flow, depending on flow velocity and density (Zanchetta et al 2004);  
aggradation rate of  the sediment,  generally posing minor  threat  to the inhabitants,  while  this 
phenomena may make unserviceable infrastructures such buildings and roads (as directly observed 
during the September 14th 2008 lahar event at the Island of Vulcano, Fig 6. 9).
The thickest  and wider  distributed (i.e.  voluminous)  lahars are  related to eruptive  events  that 
produced deposits with a wide spectrum of grain-size (from blocks to fine ash) on the cone flanks. 
The presence of layered deposits (lapilli and ash) seems to favourite the generation of laharic flows 
during the post-eruptive phase, able to impact the with high sediment-water ratio (debris flows;  
Iverson 1997) at distance up to 700-800 m from the boundary of the summit crater area (100-200 
m  from  the  break  in  slope  at  the  base  of  the  cone).  The  loose  of  material  produce  flow 
transformation into more diluted system (hyperconcentrated- or stream-flows; Pierson et al 1985).  
During  the  inter-eruptive  phases,  the  pattern  of  erosion  and  re-distribution  of  the  erupted 
materials  awnings  to  pre-eruptive  conditions,  and  debris  flows  are  limited  to  the  cone-flanks 
(Ferrucci et al 2005). Transition in the deposits from debris-flow facies to hyperconcentrated- and 
stream-flows  facies  have  been  rarely  observed  in  proximal-to-distal  sections  and  therefore,  
detailed studies on lahar transformation at the Fossa cone are needed.
6.3 Discussions
6.3.1 Eruptive scenarios
Following Cioni et al (2008), an eruption scenario can be reconstructed  for each eruption type, 
describing the main phases in terms of eruptive styles, most relevant emplacement mechanisms of 
the deposits and effects on the environment and human settlements. 
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Tab 6. 2. Accumulation of tephra fall deposits 
(kg/m3) estimated for Vulcano Porto and Lipari 
for different eruption durations in a Vulcanian 
eruption. Accumulation rates of  0.17 kg/m2 h 
(Lipari  town) and 1,94 kg/m2 (Vulcano Porto 
town)  have  been considered,  as  the  values 
measured  by  Mercalli  and  Silvestri  (1891) 
during  the  last  Vulcanian  eruption  (AD1888-
90). Note that critical values of roof collapse 
(100-700 kg/m3)  can be reached in less than 
15  days  at  Vulcano  Porto,  while  it  can  be 
reached in Lipari town only after one month of 
continuous  explosions  with  favourable  wind 
(from  the  south),  without  erosive  processes 
(natural or artificial as roof cleaning).
In 
the following reconstruction the terms proximal sector indicate the summit crater area, the medial 
sector to indicate the cone-flanks, distal sector to indicate the rest of the Island of Vulcano and the 
Island of Lipari and very distal indicates zones >10 far from the Fossa cone (generally used to assess 
the hazard related to fine ash in the atmosphere).
A  correct  assessment  of  the  areal  distribution  of  future  hazards  needs  rigorous  physical  and 
mathematical models (es. Iverson et al 1998, Houghton et al 2006 and references therein, Del  
Negro et al 2008 and references therein, Sulpizio et al 2010 and references therein). Here, only  
evaluations on the impacts of the past events have been carried out, laying the groundwork for 
futures hazard studies.
Semi-persistent activity (Palizzi-type)
The analysis of the deposits related to the ADXIII century Palizzi eruption provided informations 
about the eruptive scenario at the Fossa cone characterised by semi-persistent activity, dominated 
by ash emissions, punctuated by more explosive phases (VEI  3 sub-Plinian) and ended by lava 
effusion.
Ash emission phase:  These events are dominated by discrete phases of repeated emission of a 
highly fragmented particles. Episodes characterised by high-frequency pulses of ash emission can 
repeat at short time intervals (days?) and this activity possibly lasts for months (Ono et al 1995). 
No  stratospheric  injection  of  material  is  expected  for  these  events,  and  the  ash  plumes  are 
dispersed by low-level winds (Cioni et al 2008). Ash discharge at Nakadake (Japan; Ono et al 1995) 
range between 3x104 ton/day and 11x104 ton/day, and similar values can be considered reasonable 
for the Fossa cone.
Ash plumes only form fallout deposits through a very low (mm/day?) sedimentation rate (Cioni et 
al 2008).
Strong  social  and  economic  impacts  is  expected  over  the  inhabited  areas  and  environment 
(proximal  and medial  zones),  related to the prolonged ash rain.  At  the same times,  the large 
injection  of  ashes  into  the  atmosphere  pose  several  threats  to  the  aviation,  especially  in  the 
neighbouring airports  (Catania,  ~100 km; Reggio Calabria,  ~100 km;  Lamezia Terme,  ~120 km; 
Palermo, ~160 km).
Sub-Plinian phase: More explosive activity can punctuate the continuous ash emission, producing 
more explosive phases up to VEI 3 sub-Plinian explosions. Comparison between Pal B and Pal D  
sedimentological and textural data with well-constrained similar eruptions (es. Arrighi et al 2006 
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Fig 6. 9. Small inter-eruptive lahar event occurred the September 14 th 2008. a) morphological aspect of the 
lahar  deposit;  b)  stratigraphic-geometric  relationship  with  the primary  (AD1888-90 VE)  and the reworked 
deposit
and references therein) suggests that this phases are formed by short eruptive pulses (hours to 
days). This kind of eruptive activity can seriously impact the Vulcano Port town due to high tephra 
accumulation rate.
Lava effusion: Lava effusion can pose hazard to the Vulcano Porto town, especially in the area near 
the base of the cone. Lava flows with higher silica content are generally less hazardous, flowing few 
hundred meters  from the vent.  At  the  same times,  lava  lobes  resting  on  the  cone-flanks  can 
generate hot rock avalanches (Merapi-type PDCs; Takahashi and Tsujimoto 2000), although these 
kind of deposits have not been recognised in the Fossa recent volcanic succession.
Steam-blast eruption (Commenda-type and Forgia 1-type):
Studying the deposits related to the ADXIII century Commenda eruption, some informations about 
the  eruptive  scenario  at  the  Fossa  cone  characterised  by  semi-persistent  activity  have  been 
extrapolated.
This scenario has been subdivided in three stages: an opening stage, a climactic stage comprising 
the main blast and the immediately following activity, and a post-climactic stage. 
The energy budget  and the features  of  the Forgia  1  eruption  resemble  the climactic  stage of 
Commenda  eruption  and  therefore  has  been considered  here  as  a  variation  (more  energetic, 
shorter and produced by a later vent) of the same scenario.
Opening: The opening stage can be characterised by small steam-blast explosions. Only medial to 
distal  ash deposits  have been recognised (CGA1 and CGA2; see Chapter 4),  although proximal 
ballistics  can not  be excluded.  The Forgia  1  explosion did  not  produced recognisable  deposits 
before the onset of the climactis stage.
Climactic stage: This stage can be characterised by the production of dilute PDCs (CA1, CA2 for the 
Commenda eruption and the massive part  of the Forgia 1 deposit).  These PDCs can affect the 
entire northern part of the Island of Vulcano, but also they can surmount the Fossa Caldera walls,  
posing severe threats  to the Vulcano Piano town.   Ballistics  can be ejected during this  phase, 
affecting a large area (up to 2.2 km from the vent) around the Fossa cone. A Forgia 1-type event  
can affect a less extend area (only the northern part  of  the island),  but with high destructive 
power, due to the location of the eccentric vent (as yet recognised by Sheridan and Malin 1983). 
Although not confirmed by geological data, historical accounts reported that, during the Forgia 1 
eruption, the erupted materials have been ejected at up to 6 km from the Fossa cone (De Fiore 
1922).
Several PDCs can be produced, causing the coverage of the zones near the base of the cone (100-
200 m) with up to 2 m thick deposits. The rapid entrance of large rocks volumes into the sea, 
especially in the eastern sector of the cone, can be a tsunami-genic event.
Post-climactic stage: these events are dominated by discrete phases of repeated emission of very 
highly fragmented particles. Episodes characterised by pulses of ash emission can repeat at short  
time intervals  (hours to days)  and this  activity  possibly lasts  for  years (Heiken et  al  1980).  No 
stratospheric injection of material is expected for these events, and the ash plumes are dispersed 
by low-level winds (500-600 m above the vent; Heiken et al 1980).
Strong  social  and  economic  impacts  is  expected  over  the  inhabited  areas  and  environment 
(proximal and medial  zones),  related to the prolonged ash rain. The fine-grained ash can be a 
serious hazard for the people health (breathable ash) not only on the Island of Vulcano, but also in 
the near Island of Lipari.
At  the  ash  emission during  the  semi-persistent  scenario,  the large  injection  of  ashes  into  the 
atmosphere pose several threats to the aviation.
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Complex eruption related to the ascent of viscous plugs (AD1727-39-type and AD1888-90-type)
The stratigraphic framework and the historical accounts allowed to define the eruptive scenario 
related to the ascent of  viscous plugs at  the Fossa cone. The opening phase of  these kind of 
eruptions has characterised both by their deposits and by the record of the last eruption (AD1888-
90).  Differences  have  been  observed  within  the  stratigraphic  succession  and  they  have  been 
related to the more or less complexity of magma ascent rate (repetitive explosions series or shift in 
eruptive styles).
Opening: the onset of these kind of eruption seem to be characterised by steam-blast explosions, 
that can be occurred as isolated energetic event (Forgia 2 explosion, AD1727-39 complex eruption) 
or as a long series of small steam-blast explosions (events preceding the AD1888-90 Vulcanian 
eruption). The former activity can pose a serious hazard to the Vulcano Porto town, due to the size 
of the explosion and the position of the vent. The latter, otherwise, can produce only ballistics 
ejection in the summit crater area, without impacts on the neighbouring areas.
The geological record provides lot of examples of deposits related to steam-blast activity at the 
base of Vulcanian deposits, suggesting an intimate relationship between these tow eruptive styles. 
Vulcanian eruptions are related to the uprising of viscous plugs (Self  et al  1979) and the slow  
motion  within  the  conduit  promote  degassing  from  the  uprising  magma  to  the  external 
environment (Stix et al 1997). Such behaviour could play a significant role in the generation of 
steam-blast eruptions by the increase in both thermal regime (rising of hot magma) and gas flux 
(plug degassing). Steam-blast associated with dome or Vulcanian eruptions are largely observed in 
recent volcanic crises, as  Soufriére Hills Volcano (Montserrat,  Gardner and White 2002), Mount 
Pelée (Martinique, Chretien and Brousse 1989), Pinatubo (Philippines, Scandone et al 2007 and 
references therein).
The occurrence of phreatic events as precursors of Vulcanian activity at the Fossa cone has been 
yet evidenced by Frazzetta et al (1984) and a detailed study on the seismic assessment of phreatic 
-explosion hazard has been conduced by Montalto (1995).
However, the lack in magmatic events following the AD1812-31 evidenced before, pose serious 
problems  on  the  definition  of  steam-blast  eruptions  as  really  precursors  of  Vulcanian  crisis.  
Considering such kind of explosive events as unmistakeable precursor of eruptions related to the 
ascent of viscous magmatic plug may provoke false alarm, as it occurred during the  1976–1977 
phreatic eruption of the Soufrière Volcano (Guadeloupe). In that crisis, 73 000 persons during 6 
months  were forced to evacuate  but,  nevertheless,  the eruption was stillborn (Feulliard  et  al. 
1983).
Repetitive Vulcanian stage: fallout from repetitive plumes and ballistics ejection can be generated 
during this phase. The ballistics can influenced at least the entire Vulcano Porto town (as reported 
by Mercalli and Silvestri 1891), while ash fallout can be a serious hazard due to the duration of  
these kind of eruption (15 days to 20 month).
Virtually no magma emission phase: during apparent no magma emission, steam-blast explosions 
can occur, as recognised in the geological record (UPCa4 and UPCa5) and as observed in recently-
erupting volcanoes (Soufrère Hills Volcano, Montserrat; Norton et al 2002). The hazard related to 
this phase can be compared with the ash-emission during the post-climactic stage of the steam-
blast eruption.
Single  Vulcanian  blast: fallout  from  single  plume,  ballistics  ejection  and  small  PDCs  can  be 
generated during this phase. The potential extent of ballistics has not been quantified and depends 
on the vent overpressure, while accumulation of tephra fallout can be considered similar to the 
single, most explosive phases of the repetitive Vulcanian stage and therefore they can only lesser 
affect Vulcano Porto town. Otherwise, PDCs can impact the zones closer to the base of the cone.
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Lava effusion: Lava flows with high viscosity (higher silica content) are less hazardous, flowing few 
hundred meters  from the vent.  Only  one  example  has  been extrapolated  from the  geological 
record (UPCa2, Pietre Cotte lava), affecting the northern cone-flank and stopping at the break in 
slope. Only infrastructures in this zones can be seriously affected by these kind of effusions. As yet 
evinced for the semi-persistent activity, lava lobes resting on the cone-flanks can generate hot rock 
avalanches (Merapi-type PDCs; Takahashi and Tsujimoto 2000),  although these kind of deposits 
have not been recognised in the Fossa recent volcanic succession.
Post-eruptive reworking: the large clast-size heterogeneity recognised in the Gran Cratere Eruptive 
Cluster primary deposits, together with climatic and hydrogeological contest (Ferrucci et al 2005), 
can promote the generation of lahars, that can impact the zones at the base of the cone and also 
they can accumulate a considerable amount of sediments in the entire Vulcano Porto plain.
6.3.2 Comparison with previous studies
This  approach  does  not  pretend  to  be  exhaustive  and  a  more  detailed  probabilistic  study  is 
necessary to assess the actual “short term” volcanic hazard on the Island of Vulcano. The main goal  
is,  however,  to  compare  in  an  analytic  way  the  results  and  the  hazard  implications  of  this 
reappraisal of the recent eruptive activity of the Fossa cone with the previous studies on the same 
arguments 
The maximum expected scenario for the Island of Vulcano were based on the works of Sheridan 
and Malin (1983), Frazzetta et al (1984), Frazzetta and La Volpe (1991), Dellino and La Volpe (1997) 
and Dellino et al (2010). These works generally agree with the opinion that the greatest hazard at  
the  Fossa  cone  is  related  to  the  spread  of  dilute  PDCs  connected  to  the  occurrence  of  
phreatomagmatic eruptions. Relevant hazard has been also attributed to the ejection of ballistic  
blocks and bombs, while the fall of tephra has been considered only a minor hazard for life and 
properties. The occurrence of phreatic eruptions has been considered a serious threat because of 
the probable location of phreatic vent in the vicinity of the Vulcano Porto town (es. Forgia craters;  
Sheridan  and Malin  1983),  while  the  occurrence  of  wide-spread PDCs  related  to  non-juvenile 
eruptions  (Commenda-type)  has  been  considered  a  rare  event  and  therefore  a  minor  hazard 
(Frazzetta et al 1984).
The hazard assessment proposed by Dellino et al (2010) is similar to the proposed previously, but  
supported  by  a  more  rigorous  investigation  of  the  probabilistic  occurrence  of  the  recognized 
phenomena (based on the stratigraphic reconstruction of Frazzetta et al 1983 and De Astis et al  
2006) and a quantitative analysis of the impact parameters of the PDCs produced by the Fossa 
cone (based on the method of Dellino et al 2008).
The  probabilistic  approach is  based on  the statistical  analysis  of  a  database  built-up  grouping 
tephra deposits into five categories related to different emplacement mechanisms: 1) ash layers 
related  to  dilute  pyroclastic  density  currents;  2)  vesiculated  lapilli-and-bombs  deposits  due  to 
fallout;  3)  dense  lapilli-and-blocks  deposits  due  to  ballistic  fallout;  4)  dense  lapilli  and  blocks, 
matrix supported deposits, due to concentrated  flows; 5) lava  flows. In the work of Dellino et al 
(2010) the occurrence of dilute PDCs is drastically overestimated, while the hazard related to the 
occurrence of tephra fallout is considered negligible and the lahar hazard is not taken in account.
Even if it is possible to constrain the exact timing only of the most recent activity (AD1444-AD1890, 
Gran Cratere Eruptive Cluster) a general idea on the cluster duration can be extrapolated. 
The Palizzi-Commenda Eruptive  Cluster  lasted at  least  one century (XIII  century,  based on the 
archomagnetic data of Arrighi et al 2006), while the Gran Cratere Eruptive Cluster lasted for 446 
years. During these two periods of volcanic activity, potentially high-destructive, impulsive events 
were  scarce  (5  PDC-forming  and  4  sustained tephra  fallout-forming pulses),  while  long-lasting 
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eruptions producing ash fallout and associated syn-  and post-eruptive lahars characterized the 
main activity of the Fossa cone during the last 1000 years.
6.4 Conclusions
The data presented in this work and summarized in this chapter allowed to define the Fossa cone 
in the last 1000 years as a small, frequently active composite volcano (as proposed by Hobden et al 
2002), with common small- to medium-sized eruptions, both explosive (mainly) and effusive and 
they also suggest that for the “short-term” hazard assessment the occurrence of wide-spread 
tephra fallouts (both for tephra accumulation and respirable ash) and lahars (related to the large 
amount of tephra deposited on the cone flanks) is necessary to taken in account.
The occurrence of ash fallout related to long-lasting ash emission (mafic ash, Vulcanian and steam-
blast eruptions) is to be consider a serious hazard not only for the Island of Vulcano, but also a 
remarkable threat for the aviation in the Central Mediterranean flight area, as as we have been 
taught the ongoing eruption of Soufriére Hills Volcano (Montserrat, Bonadonna et al 2002) and the 
2010 eruption of Eyjafjallajokull (Iceland).
Many other recently-erupting volcanoes experienced or are experiencing similar  activity to the 
ones reconstructed at the Fossa cone. Mafic ash eruptions punctuated by more explosive (sub-
Plinian) paroxysms characterize the recent activity of the Nakadake cone (Aso Volcano; Japan; Ono 
et al 1995, Miyabuchi 2009), small to large steam-blast explosions were frequent in the recent  
activity of the La Soufrière of Guadeloupe (Lesser Antilles; Komorowski et al 2005, Boudon et al 
2008), while Vulcanian eruptions characterize the on-going activity of the Soufrière Hills Volcano 
(Montserrat; Bonadonna et al 2002, Komorowski et al 2010), Sakurajima (Japan; Yokoo et al 2008),  
Galeras (Colombia; Stix et al 1997), Ngauruhoe (New Zealand, Hobden et al 2002). Studying the 
recent volcanic succession of the Fossa cone new relevant informations on the eruptive behaviours 
(eruptive size, duration and main transport mechanisms), on the evolution of the morphological  
and sedimentary system and then on the actual hazard implications on these kind of volcanoes 
may be generalized.
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Appendix
Appendix I. a-m) Logs of the analysed sections
Lithofacies explanations:
a) cross-bedding
b) irregular -bedding
c) massive, unsorted
d) massive, well sorted
e) laminated
f) thinly laminated
g) massive, poorly sorted
h) fine grained, unsorted
I) massive, fine-grained, well sorted
l) wavy-bedded
m) vesiculated
1) bomb-sags
2) mixed pumices-obsidian
3) altered clasts
4) banded clasts
5) accretionary lapilli
6) white/grey/golden pumices
7) pelee hairs
8) breadcrust bombs
9)charcoal
Appendix II. Results  of the morphological analysis of:a) the Island of Vulcano, b) the Fossa cone, c) 
the north-eastern flank of the Fossa cone, c) hydrography of the Island of Vulcano
Appendix III
Stratigraphic reconstruction and results of the facies analysis of the volcanic succession related to 
the last 1000 years of eruptive acitivity at the  Fossa cone.

















Stratigraphic units Lithofacies Interpretation
Eruptive Unit Eruptive Pulse Proximal (summit crater area, “Forgia craters”) Medial (cone-flanks)
Distal (ring plain area, 
Vulcanello platform, Primordial 
Vulcano/Piano Caldera)
Primary vs reworked
1888-1890/Present 
days
AD1888-90 Inter-E
Bedding: massive to wavy-bedded
Texture and Grading: chaotic
Clast size: coarse and fine sand 
matrix, pebble and cobble clasts
Clast type: mainly black scoriae 
and black obsidian clasts, rare grey 
pumices
Clast Shape:  mainly spongy black 
scoriae and blocky obsidian clasts, 
sub-rounded pumices
Welding: no welding
Lithics/xenoliths: lava lithics
Bedding: wavy-bedded to 
massive
Clast size: coarse and fine sand 
matrix, pebble and cobble clasts 
Clast type: mainly black scoriae 
and black obsidian clasts, rare 
grey pumices
Clast Shape:  mainly spongy 
black scoriae and blocky 
obsidian clasts, sub-rounded 
pumices
Welding: no welding
Lithics/xenoliths: lava lithics
Reworked
AD1888-90 post-E
Bedding: massive to wavy-bedded
Texture and Grading: chaotic
Clast size: coarse and fine sand 
matrix, pebble and cobble clasts
Clast type: mainly black scoriae 
and black obsidian clasts, rare grey 
pumices
Clast Shape:  mainly spongy black 
scoriae and blocky obsidian clasts, 
sub-rounded pumices
Welding: no welding
Lithics/xenoliths: lava lithics
Bedding: wavy-bedded to 
massive
Clast size: coarse and fine sand 
matrix, pebble and cobble clasts 
Clast type: mainly black scoriae 
and black obsidian clasts, rare 
grey pumices
Clast Shape:  mainly spongy 
black scoriae and blocky 
obsidian clasts, sub-rounded 
pumices
Welding: no welding
Lithics/xenoliths: lava lithics
Reworked
AD1888-90 VE Bedding:mainly planar
Texture and Grading:Massive to 
normal graded
Clast size: fine to coarse lapilli, 
bombs and blocks at the base and in 
on the top
Clast type:dense (obsidian) to 
Bedding:planar
Texture and Grading:Massive to 
normal graded
Clast size: fine to coarse ash
Clast type: dense (obsidian) to 
medium vesicular pumices 
Clast Shape: blocky to spongy
Bedding:planar
Texture and Grading:Massive to 
normal graded
Clast size: fine to medium ash
Clast type: dense (obsidian) to 
medium vesicular pumices 
Clast Shape: blocky to spongy
Primary
medium vesicular pumices.
Clast Shape: blocky to spongy lapilli 
clasts, spatter bombs in the lower 
part and breadcrust bomb in the 
upper part
Welding: no welding
Lithics/xenoliths: Altered lava lithics
Lithics/xenoliths: Altered lava 
lithics
Lithics/xenoliths: Altered lava 
lithics
Early AD1888
Bedding: massive to planar
Texture and Grading:chaotic to no 
grading
Clast size: lapilli and fine blocks
Clast type:no juvenile clasts
Clast Shape: angular
Lithics/xenoliths: Altered lava lithics
Bedding: massive to planar
Texture and Grading:no grading
Clast size: coarse ash
Clast type:no juvenile clasts
Clast Shape: angular
Lithics/xenoliths: Altered lava 
lithics
Bedding: massive to planar
Texture and Grading:no grading
Clast size: fine ash
Clast type:no juvenile clasts
Clast Shape: angular
Lithics/xenoliths: Altered lava 
lithics
Primary
AD1786 eruption
1786b
Bedding: massive to wavy-bedded
Texture and Grading: chaotic
Clast size: coarse and fine sand 
matrix, pebble and cobble clasts
Clast type: mainly black scoriae 
and black obsidian clasts, rare grey 
pumices
Clast Shape:  mainly spongy black 
scoriae and blocky obsidian clasts, 
sub-rounded pumices
Welding: no welding
Lithics/xenoliths: lava lithics
Bedding: wavy-bedded to 
massive
Clast size: coarse and fine sand 
matrix, pebble and cobble clasts 
Clast type: mainly black scoriae 
and black obsidian clasts, rare 
grey pumices
Clast Shape:  mainly spongy 
black scoriae and blocky 
obsidian clasts, sub-rounded 
pumices
Welding: no welding
Lithics/xenoliths: lava lithics
Reworked
1786a Bedding:mainly planar
Texture and Grading:Massive to 
normal graded
Clast size: fine to coarse lapilli, 
bombs and blocks at the base and in 
on the top
Clast type:dense (obsidian) to 
medium vesicular pumices.
Clast Shape: blocky to spongy lapilli 
clasts, spatter bombs in the lower 
Bedding:planar
Texture and Grading:Massive to 
normal graded
Clast size: fine to coarse ash
Clast type: dense (obsidian) to 
medium vesicular pumices 
Clast Shape: blocky to spongy
Lithics/xenoliths: Altered lava 
lithics
Bedding:planar
Texture and Grading:Massive to 
normal graded
Clast size: fine to coarse ash
Clast type: dense (obsidian) to 
medium vesicular pumices 
Clast Shape: blocky to spongy
Lithics/xenoliths: Altered lava 
lithics
Primary
part and breadcrust bomb in the 
upper part
Welding: no welding
Lithics/xenoliths: Altered lava lithics
AD1780 eruption
AD1780b
Bedding: massive to wavy-bedded
Texture and Grading: chaotic
Clast size: coarse and fine sand 
matrix, pebble and cobble clasts
Clast type: mainly black scoriae 
and black obsidian clasts, rare grey 
pumices
Clast Shape:  mainly spongy black 
scoriae and blocky obsidian clasts, 
sub-rounded pumices
Welding: no welding
Lithics/xenoliths: lava lithics
Bedding: wavy-bedded to 
massive
Clast size: coarse and fine sand 
matrix, pebble and cobble clasts 
Clast type: mainly black scoriae 
and black obsidian clasts, rare 
grey pumices
Clast Shape:  mainly spongy 
black scoriae and blocky 
obsidian clasts, sub-rounded 
pumices
Welding: no welding
Lithics/xenoliths: lava lithics
Reworked
AD1780a
Bedding:mainly planar
Texture and Grading:Massive to 
normal graded
Clast size: fine to coarse lapilli, 
bombs and blocks at the base and in 
on the top
Clast type:dense (obsidian) to 
medium vesicular pumices.
Clast Shape: blocky to spongy lapilli 
clasts, 
Welding: no welding
Lithics/xenoliths: Altered lava lithics
Bedding:planar
Texture and Grading:Massive to 
normal graded
Clast size: fine to coarse ash
Clast type: dense (obsidian) to 
medium vesicular pumices 
Clast Shape: blocky to spongy
Lithics/xenoliths: Altered lava 
lithics
Bedding:planar
Texture and Grading:Massive to 
normal graded
Clast size: fine to coarse ash
Clast type: dense (obsidian) to 
medium vesicular pumices 
Clast Shape: blocky to spongy
Lithics/xenoliths: Altered lava 
lithics
Primary
Upper Pietre Cotte B UPCb5 Bedding: massive
Texture and Grading: chaotic
Clast size: cobble and boulder
Clast type: dense (dark grey 
obsidian), banded dense (banded 
obsidian), high vesicular (white 
pumices), low vesicular (grey 
pumices), banded vesicular 
Reworked
(banded pumices) 
Clast Shape: Irregular
Welding: no welding
Lithics/xenoliths: Altered lava 
lithics
UPCb4
Bedding: massive
Texture and Grading: chaotic
Clast size: bombs and blocks
Clast type: dense (dark grey 
obsidian), banded dense (banded 
obsidian), high vesicular (white 
pumices), low vesicular (grey 
pumices), banded vesicular (banded 
pumices) 
Clast Shape: Irregular
Welding: no welding
Lithics/xenoliths: Altered lava lithics
Valley-filling
Bedding: massive
Texture and Grading: chaotic
Clast size: bombs and blocks
Clast type: dense (dark grey 
obsidian), banded dense (banded 
obsidian), high vesicular (white 
pumices), low vesicular (grey 
pumices), banded vesicular 
(banded pumices) 
Clast Shape: Irregular
Welding: no welding
Lithics/xenoliths: Altered lava 
lithics
Downwind
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: grey ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: grey ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
Primary
UPCb3 Bedding: massive to wavy-bedded
Texture and Grading: chaotic
Clast size: coarse and fine sand 
matrix, pebble and cobble clasts
Clast type: mainly black scoriae 
and black obsidian clasts, rare grey 
pumices
Clast Shape:  mainly spongy black 
scoriae and blocky obsidian clasts, 
sub-rounded pumices
Welding: no welding
Bedding: wavy-bedded to 
massive
Clast size: coarse and fine sand 
matrix, pebble and cobble clasts 
Clast type: mainly black scoriae 
and black obsidian clasts, rare 
grey pumices
Clast Shape:  mainly spongy 
black scoriae and blocky 
obsidian clasts, sub-rounded 
pumices
Reworked
Lithics/xenoliths: lava lithics Welding: no welding
Lithics/xenoliths: lava lithics
UPCb2
Valley-filling
Bedding: massive
Texture and Grading: matrix 
supported, reverse to normal 
graded coarse fraction
Clast size: bombs and lapilli in ash 
matrix
Clast type:high vesicular (white 
pumices), low vesicular (grey 
pumices), banded vesicular 
(banded pumices), dense (dark 
grey obsidian)
Clast Shape: Irregular
Welding: no welding 
Lithics/xenoliths: Altered lava 
lithics
Downwind
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: red ash
Clast Shape: mainly blocky
Welding: no welding 
Lithics/xenoliths: 
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: red ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
Primary
UPCb1 Bedding: massive
Texture and Grading: no grading
Clast size: lapilli
Clast type: dense (dark grey 
obsidian), banded dense (banded 
obsidian), high vesicular (white 
pumices), low vesicular (grey 
pumices), banded vesicular (banded 
pumices) 
Clast Shape: Irregular
Welding: no welding 
Lithics/xenoliths: Altered lava lithics
Downwind
Bedding: massive
Texture and Grading: no grading
Clast size: lapilli
Clast type: dense (dark grey 
obsidian), banded dense (banded 
obsidian), high vesicular (white 
pumices), low vesicular (grey 
pumices), banded vesicular 
(banded pumices) 
Clast Shape: Irregular
Welding: no welding 
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: grey ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
Primary
Lithics/xenoliths: Altered lava 
lithics
Crosswind
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: grey ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
Upper Pietre Cotte A
UPCa9
Bedding: massive to wavy-bedded
Texture and Grading: chaotic
Clast size: coarse and fine sand 
matrix, pebble and cobble clasts
Clast type: mainly black scoriae 
and black obsidian clasts, rare grey 
pumices
Clast Shape: mainly spongy black 
scoriae and blocky obsidian clasts, 
sub-rounded pumices
Welding: no welding
Lithics/xenoliths: lava lithics
Bedding: wavy-bedded to 
massive
Clast size: coarse and fine sand 
matrix, pebble and cobble clasts 
Clast type: mainly black scoriae 
and black obsidian clasts, rare 
grey pumices
Clast Shape:  mainly spongy 
black scoriae and blocky 
obsidian clasts, sub-rounded 
pumices
Welding: no welding
Lithics/xenoliths: lava lithics
Reworked
UPCa8 Bedding: massive
Texture and Grading: matrix 
supported, reverse to normal graded 
coarse fraction
Clast size: bombs and lapilli in ash 
matrix
Clast type:high vesicular (white 
pumices), low vesicular (grey 
pumices), banded vesicular (banded 
pumices), dense (black obsidian)
Clast Shape: blocky to irregular, red 
ash matrix
Welding: no welding
Lithics/xenoliths: Red altered lava 
lithics
Valley-filling
Bedding: massive
Texture and Grading: matrix 
supported, reverse to normal 
graded coarse fraction
Clast size: bombs and lapilli in ash 
matrix
Clast type:high vesicular (white 
pumices), low vesicular (grey 
pumices), banded vesicular 
(banded pumices), dense (dark 
grey obsidian)
Clast Shape: blocky to irregular, 
red ash matrix
Welding: no welding
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: grey ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
Primary
Lithics/xenoliths: Red altered lava 
lithics
Downwind
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: grey ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
UPCa7
Bedding: massive
Texture and Grading: no grading
Clast size: coarse lapilli and fine 
bombs, rare bombs and blocks in the 
lower part
Clast type: dense (black obsidian), 
banded dense (banded obsidian), 
high vesicular (white pumices), low 
vesicular (grey pumices), banded 
vesicular (banded pumices) 
Clast Shape: Irregular
Welding: no welding
Lithics/xenoliths: Altered lava lithics
Downwind
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: grey ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
Crosswind
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: grey ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: grey ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
UPCa6 Bedding: massive to wavy-bedded
Texture and Grading: chaotic
Clast size: coarse and fine sand 
matrix, pebble and cobble clasts
Clast type: mainly black scoriae 
and black obsidian clasts
Clast Shape: mainly spongy black 
scoriae and blocky obsidian clasts
Welding: no welding
Lithics/xenoliths: lava lithics
Bedding: wavy-bedded to 
massive
Clast size: coarse and fine sand 
matrix, pebble and cobble clasts 
Clast type: mainly black scoriae 
and black obsidian clasts
Clast Shape:  mainly spongy 
black scoriae and blocky 
obsidian clasts
Welding: no welding
Lithics/xenoliths: lava lithics
Reworked
UPCa5
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: red ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: red ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
Primary
UPCa4
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: grey ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: grey ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
Primary
UPCa3
Bedding: massive to wavy-bedded
Texture and Grading: chaotic
Clast size: coarse and fine sand 
matrix, pebble and cobble clasts
Clast type: mainly black scoriae 
and black obsidian clasts
Clast Shape: mainly spongy black 
scoriae and blocky obsidian clasts
Welding: no welding
Lithics/xenoliths: lava lithics
Bedding: wavy-bedded to 
massive
Clast size: coarse and fine sand 
matrix, pebble and cobble clasts 
Clast type: mainly black scoriae 
and black obsidian clasts
Clast Shape:  mainly spongy 
black scoriae and blocky 
obsidian clasts
Welding: no welding
Lithics/xenoliths: lava lithics
Reworked
UPCa2 (Pietre Cotte 
Lava flow)
Structure: foliated to massive
Texture: porphiric
Phenocrysts:kfs, 
Lithics/xenoliths: white and grey 
enclaves
Primary
UPCa1 Bedding: planar
Texture and Grading: reverse to 
normal graded
Clast size: coarse ash to lapilli
Clast type: gold pumices and black 
scoriae
Clast Shape:  high stretched 
Primary
pumices and spongy scoriae
Welding: no welding
Lithics/xenoliths: rare altered lava 
lithics
Lower Pietre Cotte B
LPC b2
Bedding: massive to wavy-bedded
Texture and Grading: chaotic
Clast size: coarse and fine sand 
matrix, pebble and cobble clasts
Clast type: mainly black scoriae 
and black obsidian clasts
Clast Shape:  mainly spongy black 
scoriae and blocky obsidian clasts
Welding: no welding
Lithics/xenoliths: lava lithics
Bedding: wavy-bedded to 
massive
Texture and Grading: chaotic
Clast size: coarse and fine sand 
matrix, pebble and cobble clasts
Clast type: mainly black scoriae 
and black obsidian clasts
Clast Shape:  mainly spongy 
black scoriae and blocky 
obsidian clasts
Welding: no welding
Lithics/xenoliths: lava lithics
Reworked
LPCb1
Bedding:mainly planar
Texture and Grading:Massive to 
normal graded
Clast size: fine to coarse lapilli, 
bombs and blocks at the base and in 
on the top
Clast type:dense (obsidian) to 
medium vesicular pumices.
Clast Shape: blocky to spongy lapilli 
clasts, 
Welding: no welding
Lithics/xenoliths: Altered lava lithics
Bedding:planar
Texture and Grading:Massive to 
normal graded
Clast size: fine to coarse ash
Clast type: dense (obsidian) to 
medium vesicular pumices 
Clast Shape: blocky to spongy
Lithics/xenoliths: Altered lava 
lithics
Bedding:planar
Texture and Grading:Massive to 
normal graded
Clast size: fine to coarse ash
Clast type: dense (obsidian) to 
medium vesicular pumices 
Clast Shape: blocky to spongy
Lithics/xenoliths: Altered lava 
lithics
Primary
F2
Bedding:massive to planar
Texture and Grading:matrix 
supported, chaotic
Clast size: blocks, ash matrix
Clast type: no juvenile
Clast Shape:  
Welding: no welding
Lithics/xenoliths: Altered lava lithics 
and lithic red ash matrix
Bedding:massive to planar
Texture and Grading:no grading
Clast size: ash
Clast type: no juvenile
Clast Shape:  
Welding: no welding
Lithics/xenoliths: lithic red ash 
matrix
Bedding:massive to planar
Texture and Grading:no grading
Clast size: fine ash
Clast type: no juvenile
Clast Shape:  
Welding: no welding
Lithics/xenoliths: lithic red ash 
matrix
Primary
Lower Pietre Cotte A
LPCa3
Bedding: massive to wavy-bedded
Texture and Grading: chaotic
Clast size: coarse and fine sand 
matrix, pebble clasts 
Clast type: mainly black scoriae 
and black obsidian clasts
Clast Shape:  mainly spongy black 
scoriae and blocky obsidian clasts
Welding: no welding
Lithics/xenoliths: lava lithics
Bedding: wavy-bedded to 
massive
Texture and Grading: chaotic
Clast size: coarse and fine sand 
matrix, pebble clasts 
Clast type: mainly black scoriae 
and black obsidian clasts
Clast Shape:  mainly spongy 
black scoriae and blocky 
obsidian clasts
Welding: no welding
Lithics/xenoliths: lava lithics
Reworked
LPCa2
Bedding:mainly planar
Texture and Grading:Massive to 
normal graded
Clast size: fine to coarse lapilli, 
bombs and blocks at the base and in 
on the top
Clast type:dense (obsidian) to 
medium vesicular pumices.
Clast Shape: blocky to spongy lapilli 
clasts, 
Welding: no welding
Lithics/xenoliths: Altered lava lithics
Bedding:planar
Texture and Grading:Massive to 
normal graded
Clast size: fine to coarse ash
Clast type: dense (obsidian) to 
medium vesicular pumices 
Clast Shape: blocky to spongy
Lithics/xenoliths: Altered lava 
lithics
Bedding:planar
Texture and Grading:Massive to 
normal graded
Clast size: fine to coarse ash
Clast type: dense (obsidian) to 
medium vesicular pumices 
Clast Shape: blocky to spongy
Lithics/xenoliths: Altered lava 
lithics
Primary
LPCa1
Bedding:planar
Texture and Grading:Massive to 
normal graded
Clast size: fine to coarse ash
Clast type: black dense (obsidian), 
red and grey ash aggregates
Clast Shape: blocky to spongy
Lithics/xenoliths: Altered lava 
lithics
Bedding:planar
Texture and Grading:Massive to 
normal graded
Clast size: fine to coarse ash
Clast type: black dense 
(obsidian), red and grey ash 
aggregates
Clast Shape: blocky to spongy
Lithics/xenoliths: Altered lava 
lithics
Primary
F1 Bedding:massive to planar
Texture and Grading:matrix 
Bedding:massive to planar
Texture and Grading:no grading
Primary
supported, chaotic
Clast size: blocks, ash matrix
Clast type: no juvenile
Clast Shape:  
Welding: no welding
Lithics/xenoliths: Altered lava lithics 
and lithic white ash matrix
Clast size: ash
Clast type: no juvenile
Clast Shape:  
Welding: no welding
Lithics/xenoliths: lithic white ash 
matrix
Commenda
CEU
CC1
Bedding: massive to wavy-bedded
Texture and Grading: chaotic
Clast size: muddy matrix, pebble 
and cobble clasts 
Clast type: mainly altered reddish 
ash, rare lava lithics
Clast Shape:  sub-rounded lava 
lithics 
Welding: no welding
Lithics/xenoliths:
Bedding: massive to wavy-
bedded
Texture and Grading: chaotic
Clast size: muddy matrix, pebble 
and cobble clasts 
Clast type: mainly altered 
reddish ash, rare lava lithics
Clast Shape:  sub-rounded lava 
lithics 
Welding: no welding
Lithics/xenoliths:
Reworked
CC
Bedding:planar
Texture and Grading:Massive to 
normal graded
Clast size: fine to coarse ash
Clast type: no juvenile
Clast Shape: blocky, ash aggregates 
and accretionary lapilli
Lithics/xenoliths: Altered lithic red, 
grey and brown ash
Bedding:planar
Texture and Grading:Massive to 
normal graded
Clast size: fine ash
Clast type: no juvenile
Clast Shape: blocky, ash aggregates 
and accretionary lapilli
Lithics/xenoliths: Altered lithic red, 
grey and brown ash
Bedding:planar
Texture and Grading:Massive to 
normal graded
Clast size: fine ash
Clast type: no juvenile
Clast Shape: blocky, ash 
aggregates and accretionary 
lapilli
Lithics/xenoliths: Altered lithic 
red, grey and brown ash
Primary with reworked 
intercalatation
CB3
Bedding: Massive
Texture and Grading: chaotic
Clast size: mud
Clast type: no juvenile
Clast Shape: Irregular
Welding: cemented
Lithics/xenoliths: Altered ash
Reworked
CB2 Bedding: massive to wavy-bedded
Texture and Grading: chaotic
Bedding: massive to wavy-
bedded
Reworked
Clast size: sandy matrix, pebble 
and cobble clasts 
Clast type: mainly altered reddish 
coarse ash, rare lava lithics
Clast Shape:  sub-rounded lava 
lithics 
Welding: no welding
Lithics/xenoliths:
Texture and Grading: chaotic
Clast size: sandy matrix, pebble 
and cobble clasts 
Clast type: mainly altered 
reddish ash, rare lava lithics
Clast Shape: sub-rounded lava 
lithics 
Welding: no welding
Lithics/xenoliths:
CB1
Bedding:planar
Texture and Grading:Massive to 
normal graded
Clast size: fine ash
Clast type: no juvenile
Clast Shape: blocky, ash aggregates 
and accretionary lapilli
Lithics/xenoliths: Altered lithic grey 
ash
Bedding:planar
Texture and Grading:Massive to 
normal graded
Clast size: fine ash
Clast type: no juvenile
Clast Shape: blocky, ash 
aggregates and accretionary 
lapilli
Lithics/xenoliths: Altered grey 
and ash
Primary
CB
Bedding: massive
Texture and Grading: clast-
supported, chaotic
Clast size: blocks, coarse ash matrix
Clast type: no juvenile
Clast Shape: Irregular
Welding: no welding
Lithics/xenoliths: Altered lava lithics 
and altered ash matrix
Bedding: massive
Texture and Grading: clast-
supported, chaotic
Clast size: mainly blocks with rare 
boulders, coarse ash matrix
Clast type: no juvenile
Clast Shape: Irregular
Welding: no welding
Lithics/xenoliths: Altered lava 
lithics and altered ash matrix
Bedding: massive
Texture and Grading: clast-
supported, chaotic
Clast size: blocks, coarse ash 
matrix
Clast type: no juvenile
Clast Shape: Irregular
Welding: no welding
Lithics/xenoliths: Altered lava 
lithics and altered ash matrix
Primary
CA3
Bedding: Massive
Texture and Grading: chaotic
Clast size: mud to sand
Clast type: no juvenile
Clast Shape: Irregular
Welding: no welding
Lithics/xenoliths: Altered ash
Reworked
CA2 Bedding: cross bedded and wavy Bedding: cross bedded and wavy Bedding: cross bedded and Primary
lamination
Texture and Grading: normal graded
Clast size: ash
Clast type: no juvenile
Clast Shape: Irregular
Welding: no welding
Lithics/xenoliths: Altered ash
lamination
Texture and Grading: normal 
graded
Clast size: ash
Clast type: no juvenile
Clast Shape: Irregular
Welding: no welding
Lithics/xenoliths: Altered ash
wavy lamination
Texture and Grading: normal 
graded
Clast size: ash
Clast type: no juvenile
Clast Shape: Irregular
Welding: no welding
Lithics/xenoliths: Altered ash
CA1
Bedding: massive
Texture and Grading: clast-
supported, chaotic to normal graded
Clast size: lapilli and coarse lapilli, 
rare ash matrix
Clast type: no juvenile
Clast Shape: Irregular
Welding: no welding
Lithics/xenoliths: Altered ash
Bedding: massive
Texture and Grading: clast-
supported, chaotic to normal 
graded
Clast size: lapilli and coarse lapilli, 
rare ash matrix
Clast type: no juvenile
Clast Shape: Irregular
Welding: no welding
Lithics/xenoliths: Altered ash
Bedding: massive
Texture and Grading: clast-
supported, chaotic to normal 
graded
Clast size: lapilli and coarse 
lapilli, rare ash matrix
Clast type: no juvenile
Clast Shape: Irregular
Welding: no welding
Lithics/xenoliths: Altered ash
Primary
CGA2
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: grey ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: grey ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: grey ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
Primary
CGA1
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: grey ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: grey ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
Bedding: massive to planar
Texture and Grading: no grading
Clast size: fine ash
Clast type: grey ash
Clast Shape: mainly blocky
Welding: no welding
Lithics/xenoliths: 
Primary
Palizzi
(PEU)
Pal G Bedding: massive to wavy-bedded
Texture and Grading: chaotic
Clast size: coarse and fine sand 
matrix, pebble clasts 
Clast type: mainly black and 
Bedding: massive to wavy-
bedded
Texture and Grading: chaotic
Clast size: coarse and fine sand 
matrix, pebble clasts
Reworked
golden scoria, rare grey and white 
pumices 
Clast Shape: mainly spongy black 
scoriae and high stretched golden 
scoria, rare grey and white sub-
rounded pumices 
Welding: no welding
Lithics/xenoliths: rare lava lithics
Clast type: mainly black and 
golden scoria, rare grey and 
white pumices 
Clast Shape: mainly spongy 
black scoriae and high stretched 
golden scoria, rare grey and 
white sub-rounded pumices 
Welding: no welding
Lithics/xenoliths: rare lava lithics
Pal F (Commenda 
Lava flow)
Structure: foliated to massive
Texture: porphiric
Phenocrysts:kfs, px
Lithics/xenoliths: black enclaves
Primary
Pal E (Palizzi Lava 
flow/Punte Nere Lava 
flow/Campo Sportivo 
Lava flow)
Structure: breciated upper and 
lower part, massive to columnar 
jointed inner part
Texture: porphiric
Phenocrysts:kfs, px, plg
Lithics/xenoliths: 
Structure: breciated upper and 
lower part, massive to columnar 
jointed inner part
Texture: porphiric
Phenocrysts:kfs, px, plg
Lithics/xenoliths: 
Primary
Pal D (Trachytic Fall)
Bedding: massive
Texture and Grading: clast 
supported, reverse to normal graded
Clast size: coarse lapilli, bombs and 
blocks
Clast type: grey pumices and black 
obsidian
Clast Shape: Irregular pumices and 
blocky obsidian
Welding: little welding
Lithics/xenoliths: Lava lithics
Bedding: massive
Texture and Grading: clast 
supported, reverse to normal 
graded
Clast size: coarse lapilli, rare 
bombs and blocks
Clast type: grey pumices and black 
obsidian
Clast Shape: Irregular pumices and 
blocky obsidian
Welding: no welding
Lithics/xenoliths: Lava lithics
Bedding: massive
Texture and Grading: clast 
supported, reverse to normal 
graded
Clast size: lapilli
Clast type: grey pumices and 
black obsidian
Clast Shape: Irregular pumices 
and blocky obsidian
Welding: no welding
Lithics/xenoliths: Lava lithics
Primary
Pal C Bedding: planar
Texture and Grading: massive to 
normal graded
Clast size: coarse and fine ash
Clast type: mainly black scoriae, 
gold pumices 
Bedding: planar
Texture and Grading: massive to 
normal graded
Clast size: ash and fine ash
Clast type: mainly black scoriae, 
gold pumices 
Primary with reworked 
intercalation
Clast Shape:  spongy scoriae and 
high stretched pumices
Welding: no welding
Lithics/xenoliths: rare lava lithics
Clast Shape:  spongy scoriae and 
high stretched pumices
Welding: no welding
Lithics/xenoliths: rare lava lithics
Pal B (Ryolithic Fall)
Bedding: massive
Texture and Grading: clast 
supported, no grading
Clast size: coarse lapilli
Clast type: white pumices
Clast Shape: Irregular 
Welding: no welding
Lithics/xenoliths: grey lava lithics
Bedding: massive
Texture and Grading: clast 
supported downwind, matrix 
supported crosswind Clast size: 
fine lapilli, ash matrix crosswind
Clast type: white pumices
Clast Shape: Irregular pumices
Welding: no welding
Lithics/xenoliths: rare grey lava 
lithics
Primary
Pal A
Bedding: planar
Texture and Grading: massive to 
normal graded
Clast size: coarse and fine ash
Clast type: black and golden 
scoriae
Clast Shape:  spongy black scoriae 
and high stretched golden scoria
Welding: no welding
Lithics/xenoliths: rare lava lithics
Bedding: planar
Texture and Grading: massive to 
normal graded
Clast size: ash and fine ash
Clast type: black and golden 
scoriae 
Clast Shape: spongy black 
scoriae and high stretched 
golden scoria
Welding: no welding
Lithics/xenoliths: rare lava lithics
Primary with reworked 
intercalation
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